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1 SUMMARY 

In this project, application of embedded ultrasonic for structural health monitoring (SHM) of 
space systems has been investigated. It is envisioned that integration of SHM in a spacecraft 
may offer benefits at all stages of its service life: from spacecraft assembly to on-orbit aging 
or re-entry. Present work, however, focuses on use of SHM for spacecraft qualification 
before launch as the most near-term benefit in reducing qualification time and cost.    

A comprehensive review was conducted on prior SHM efforts in space systems. It was 
found that several practical experimental systems feature fiber optic and acoustic emission 
sensors, which limits capability of SHM system to do active structural diagnosis. A few 
studies were available on use of active diagnosis approaches with embeddable piezoelectric 
sensors on laboratory scale specimens, but no systematic SHM efforts for space structures 
were considered. As a result of the review, main elements of an SHM system for spacecraft 
were suggested and focus on monitoring of structural interfaces as one of the main concerns 
during pre-launch qualification. 

Considerable efforts were devoted to exploration of the acoustic-elastic method for assessing 
the condition of structural interfaces such as bolted joints. The utility of the method was 
demonstrated for bolted structures of simple and complex geometries. It was demonstrated 
that the efficiency of detection depends on wave propagation distance and active sensor 
excitation levels. The acousto-elastic method allows for locating a loose bolt based on 
temporal variation of signal phase and, in structures of simple geometry, inferring 
correlation between torque on a bolt and associated shift in the phase of the elastic wave. It 
was found that the effect of damage is pronounced in both instantaneous amplitude and 
instantaneous phase features, but phase offers much more stable detection. The Hilbert-
Huang Transform has revealed deviation of instantaneous frequency over time as a possible 
damage detection and classification feature. 

A baseline-free acousto-elastic method based on rotation of phases in the transmitted elastic 
wave was developed and validated on several representative structures. However, sensitivity 
of the baseline-free method was lower than the method involving the baseline. The baseline-
free method has shown utility in detecting loose bolts located on direct wave propagation 
path between transmitting and receiving sensors. Another interesting fact uncovered during 
experimental studies was larger standard deviation of signals corresponding to “loose” 
condition of the joint. As a result, a new methodology for baseline-free statistics-based 
detection has been proposed. 

The acousto-elastic method was validated in a set of experiments conducted on the PnP-1 
satellite. A method involving recording a baseline of the intact condition has shown very 
good performance while the baseline-free method was successful in many, but not all cases.  

A fundamental experimental study investigating an effect of applied static stress on the 
propagation of guided elastic waves has been conducted. Under applied stress, both 
symmetric and anti-symmetric elastic guided waves have shown a phase shift proportional 
to stress magnitude, but analysis of the latter one was difficult due to low amplitude and 
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noise contamination. In addition, it was found that a phase shift depends on mutual 
orientation of vectors of applied force and the direction of wave propagation. To the author’s 
knowledge, this is the first such study. 

The opportunity to infer material parameters and boundary condition variations from 
embedded ultrasonic tests was explored. Experiments have demonstrated the feasibility of 
determining elastic modulus and Poisson ratio from wave propagation tests. The effect of 
stress changes in boundary conditions was investigated using pitch-catch, pulse-echo and 
electro-mechanical impedance methods. All methods have shown utility in detecting 
changes in boundary condition, but pulse-echo was also instrumental in locating the site of 
stress variations. 

An SHM experiment involving monitoring of bolted joint was developed for a New Mexico 
Tech payload launched on a suborbital flight in May 2011. Due to limited flight hardware, 
wave propagation acousto-elastic studies were conducted only in pre-flight and post-flight 
conditions. Analysis indicated that the spaceflight clearly changed the torque state in a 
bolted joint, but quantification of the change was not possible using pre and post flight data. 
It was confirmed that Hysol® adhesive performed well as a bonding agent for sensors during 
suborbital flight. 

Active sensors are among most critical elements of the SHM system. Because performance 
of the sensors substantially influences results of structural diagnosis, sensor shielding 
options were investigated and statistical variation of the sensor response was considered. As 
a result of this study, two shielding designs were suggested and statistical data on a 
relatively large sensor sample set was collected. Statistical distribution for natural frequency 
of low frequency extensional mode was found to follow the normal distribution pattern, 
however natural frequencies of the high frequency thickness mode did not follow the normal 
distribution pattern. Noticeable differences were observed for impedance signatures of the 
sensor with and without leads attached. The impedance model has shown reasonable 
correlation with experimental data.  

It is advocated that the acousto-elastic SHM method may find a broad range of applications 
in space industry, particularly in pre-launch qualification and diagnosis and re-certification 
for a next flight. SHM application to space systems may be advanced by considering and 
addressing the following aspects of the technology: 

 Establishing a direct correlation between complex structural models and collected 
SHM data on material and structural integrity. 

 Improving sensitivity of the baseline-free SHM methods. 
 Development of lightweight hardware that may be used not only during on-the-

ground testing, but also in flight environment. 
 Testing of SHM methods during sub-orbital flight. 
 Development and experimental validation of a statistically driven SHM model 

considering statistical variation of individual factors influencing damage detection.  
 Exploring use of SHM beyond pre-launch qualification for on-orbit structural 

diagnosis, model updating and impact detection. Monitoring during vehicle’s re-
entry may provide information on structural disintegration. 
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2 INTRODUCTION 

2.1 Motivation 

Satellite qualification is a comparatively long process that may span for months and even 
years. In contrast, space applications enabling a prompt response to emerging needs require 
substantial reduction of the spaceship qualification time [1]. The objective of the Air Force’s 
Responsive Space initiative is to develop technologies that would facilitate assembly, 
qualification and launch of a satellite in six days. To achieve such an impressive deployment 
time, it is envisioned that a diverse range of the responsive satellite’s structural elements 
would fit within certain pre-defined design envelops. Critical aspects of this approach 
include ensuring adequate performance of structural joints and guaranteeing stability (or 
update-ability) of structural parameters. A promising avenue to address both issues is to 
consider assessing structural integrity and material state via an on-board structural health 
monitoring (SHM) system [2]. 

Joints are amongst most critical constituent elements of space structures. A weak or 
improperly configured joint may compromise structural integrity of a satellite and lead to 
substantial operational and financial losses. As a result, joints introduce notable uncertainty 
into the satellite structural response. To control this uncertainty, structural elements and 
assemblies are assigned certain pre-defined statistical envelops [2]. Verifying that the 
structural component with joints fits within the envelope is an important aspect of pre-
launch qualification tests. In view of variability in condition and effective strength of a joint, 
the diagnostic procedures should consider characteristics of structural interfaces. Over a past 
decade, characterization of interfaces such as bolted joints and adhesive bonds has been a 
subject of extensive research in both academia and industry. A broad spectrum of studies is 
available on assessment of adhesive bonds in aeronautical structures [3,4]. This includes 
convectional ultrasonic scanning [5] and embedded sensor arrays [6,7]. Bolted interfaces 
were primarily studied in the context of determining stresses in a single bolt [8] or the effect 
of the deteriorated joint on a global structural vibration signature [9]. Only recently 
researchers considered adapting nonlinear vibration diagnostic methods to the high 
frequency regime [10] and utilizing embedded sensors for local assessment of a particular 
bolted joint [11,12]. In practice, however, there are hundreds of joints on a typical satellite 
and verifying the structural integrity and compliance to a specific envelop may not constitute 
a trivial task. Our prior work [13] has shown that utilizing the piezoelectric sensor network 
embedded into the aerospace structure may provide a promising avenue for diagnosis of 
structural condition and for qualifying interfaces in simple and complex structural elements. 

Although the primary task of the satellite SHM system is diagnosis of structural interfaces 
during pre-launch qualification, the embedded sensor network with the associated data 
classification and cataloguing algorithms may allow for inferring additional information on 
material properties and other forms of damage such as cracks, structural fatigue and/or 
impact events. This synergistic aspect of the embedded health monitoring system opens 
opportunities for data acquisition during launch and on-orbit monitoring of structural 
performance. Figure 1 illustrates the diagnostic potential of the satellite SHM system. 
Theory and application of embedded SHM systems for monitoring cracks and other types of 
damage typical to aeronautical structures are extensively covered in journals [14,15] and 
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books [16]. A limited number of papers explore SHM of space structures [17]; the available 
studies mostly focus on utilization of the fiber optic technology [18]. 

 
                                      Figure 1 Diagnostic potential of the satellite SHM system 

2.2 State of the Art 

One of early reports on the development of SHM systems for spacecraft include the 
work of Bauman et al. [19] and Ellerbrock [20], who reported details of design, 
implementation, and operation of the structural health monitoring system for the 
NASA/McDonnell Douglas Delta DC-XA re-usable rocket. The key element of the system, 
a multi-channel Bragg-grating fiber optic sensor module, was utilized to monitor strains 
exerted on the liquid hydrogen fuel tank. Data from fiber optic and other sensors were 
integrated into a comprehensive SHM suite, which was flight tested in 1996. Jassemi-
Zargani et al. [21] mentioned benefits of SHM for enhancing satellite operations. Authors 
discussed utilization of smart structures in enhanced satellites and suggested that real-time 
SHM would be useful in predicting and detecting failures in space structures. However, 
details on possible configuration of the SHM system were not provided, as authors primarily 
explored the potential of smart structures in phase-array antennas. Following the explosion 
of a Delta 241 rocket on January 17, 1997, Finlayson et al. [22] proposed application of the 
fiber optic wireless system for impact detection and location in Delta II graphite epoxy 
motors (GEM). The system was designed to operate on GEM during transport, storage and 
handling. Authors investigated attenuation characteristics of empty GEM using fiber optic, 
acoustic emission, and strain gage sensors and presented results of the impact location study. 
A series of research papers on application of fiber optic sensing to SHM of space structures 
were published by Japanese researchers led by Takeda. Kabashima et al. [23] described 
development of fiber Bragg grating (FBG) SHM for satellite systems. The concept of the 
FBG-based satellite SHM system was discussed, which encompassed potential material 
condition assessment during manufacturing, establishing requirements for conventional 
sensors (e.g. accelerometers, thermocouples, etc.) during satellite environmental tests and 
on-orbit detection of impact and thermal damage. Authors developed specialized optical 
fiber connectors and a measurement procedure to separate strain and temperature 
contributions in the FBG sensor signal. The potential of the embedded FBG sensors to detect 
thermal damage to FRP composite / aluminum panels was investigated, and results indicated 
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changes in position and shape of the peak in the signal reflection spectrum. Hence, the 
authors suggested the feasibility of thermal damage assessment using a FBG SHM system. 
A Brillouin optical time domain reflectometer (BOTDR) was utilized by Shimizu et al. [24] 
to measure strain in laboratory structures and a prototype liquid hydrogen tank. The authors 
suggested that a combined BOTDR and FBG system could measure strain and temperature 
simultaneously and independently. In a further extension of this work with FBG components 
in particular, was presented by Mizutani et al. [25]. The paper discussed design and 
development of an on-board strain measurement FBG system for ISAS/JAXA reusable 
rockets and presented results of the real-time strain monitoring during tests. The system 
demonstrated the capability of measuring strain during rocket operation and correlation of 
the FBG sensor strain data with strain-gage and internal pressure measurements. The 
experience of the European Space Agency (ESA) in application of fiber optic sensing in 
space structures was discussed by Mckenzie and Karafolas [26]. Several applications of 
FBG sensors for spaceship monitoring were presented, including for an adaptive leg of a 
telescope structure, a smart flywheel support, elements of propulsion system inter-tank 
composite structure, and a thermal protection system. 

Structural health monitoring systems based on embeddable piezoelectric active sensors 
are widely used for assessment of aeronautical, civil, and naval structures [27]. Although a 
considerable number of papers suggest the potential of such systems for health management 
of spacecraft, limited studies are available on piezoelectric sensing systems geared 
specifically towards space applications. A recent review on SHM for future space vehicles 
by Mancini et al. [28] focused on description of available technologies and their 
perspectives in the context of integration into vehicle’s design process. Our literature survey 
indicates that practical use of piezoelectric SHM systems for space structures was 
considered primarily for monitoring the condition of the propulsion system, monitoring the 
condition of the thermal protection system (TPS), and assessing the integrity of bolted and 
adhesive structural joints.  

Embedded ultrasonics for SHM of rocket engines was considered by Qing et al. [29]. 
Laboratory tests conducted by authors have shown the capability of the piezoelectric sensor 
network to detect surface and through-thickness cracks a few millimeters long. In the 
follow-up paper [30] the authors verified performance characteristics of piezoelectric 
sensors at cryogenic temperatures. Cuc et al. [7] presented application of several embedded 
ultrasonic SHM methods to monitoring of damage in simulated spacecraft panels. Pitch-
catch, pulse echo, embedded ultrasonic structural radar (EUSR), and electro-mechanical 
impedance methods were considered. The results suggest applicability of these methods for 
detection of cracks, corrosion damage, and disbonding in aluminum panels. Availability of 
information on integrity of bolted joints is critical to many applications, including space 
structures. Monitoring of bolted joints is essential in enabling fast and fault-free assembly of 
satellites. Recent studies in this area include work of Clayton et al. [31], who considered 
guided waves with chaotic properties coupled with respective AR/ARX models, and Zagrai 
et al. [32], which has shown correlation between signal phase and the stress level in the 
joint.  

Thermal protection systems typically have a structural assembly consisting of a carbon-
carbon or ceramic panel connected to the base structure using a bracket with bolted joints. 
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TPS may fail due to excessive heating, high velocity impact, or fastener disintegration. 
Combination of these modes may result in a catastrophic event, such as the Columbia 
accident, where damage caused by foam impacting the leading edge of the wing, followed 
by excessive structural heating during re-entry. Because of its significance to reusable space 
vehicles, monitoring of TPS has received considerable attention. Yang and Chang [33] 
utilized a piezoelectric sensor network for detection of bolt loosening in TPS. Elastic wave 
energy and specific damping capacity (SDC) of structural elements were proposed as 
damage metrics for detection and location of weak joints. Experimental studies conducted 
by authors have shown the feasibility of the attenuation-based diagnostic for monitoring 
TPS integrity. Xie et al. [34] presented several validation experiments for monitoring TPS 
using a piezoelectric sensor network. The authors considered the effect of temperature on 
the elastic wave energy parameter. Yu [35] discussed application of piezoelectric sensors for 
detection of impacts on thermal protection panels. A specific algorithm for impact 
monitoring was reported and potential application of compact sub-node hardware was 
discussed. Na et al. [36] studied the effect of low energy impact on a different type of 
thermal protection system fabricated from gamma titanium aluminide honeycomb panels. 
Authors utilized a PVDF sensor to monitor impact levels and optical systems to assess 
damage severity. 
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3 METHODS, ASSUMPTIONS, AND PROCEDURES 

3.1 Research Objectives/Goals  

The goal of this research project is to develop an elastic wave methodology for structural 
health monitoring of satellites. An embeddable SHM system for satellite structural elements 
and joints is considered. In realizing this goal, the research team has focused on the 
following main objectives: 

1. Development of an elastic wave SHM methodology for simple mechanical elements 
(e.g. beams and plates) of space structures. Consideration of bolted joints in space 
structures and exploration of mechanical changes in joints for assessment of 
structural integrity. 

2. Exploration of applicability of the elastic wave SHM method to satellite structures of 
complex geometry. Investigation of method’s functionality and limitations in 
complex structures. 

In addition to the indicated major objectives, a range of optional topics were explored: 

3. Exploration of a relationship between the elastic wave parameters and structural 
dynamic characteristics for model updating. 

4. Consideration of statistical aspects in piezoelectric-based SHM of space structures. 
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3.2 Piezoelectric Sensing for Satellite SHM 

Piezoelectric sensors are widely used in modern SHM systems [27]. Basic principles and 
applications of piezoelectric sensors for embedded ultrasonics are thoroughly covered in a 
number of textbooks, for example in [37]. It should be noted that piezoelectric sensors are 
utilized as active and passive elements of more than a few SHM techniques such as pulse-
echo, pitch-catch, electromechanical impedance, acoustic emission, nonlinear ultrasonics, 
and others. Although these techniques monitor different signal parameters, all of them 
explore elastic wave propagation for assessment of structural integrity. To be measured by 
the piezoelectric sensor, the elastic wave must propagate through a structural element. 
Hence, if the accrued damage resulted in a variation in elastic properties, it could be detected 
by these SHM techniques. 
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                                       Figure 2 Instrumentation for piezoelectric sensing. 

Hardware elements for a piezoelectric active sensing system are presented in the diagram in 
Figure 2. The computing unit controls the system, ensures synchronization of its elements, 
and stores the collected data. Parameters of the SHM system and its hardware, such as 
particular units, power requirements, accuracy of digitizers, or analog processing, 
significantly depend on SHM tasks. A broad spectrum of options is available, ranging from 
high power systems delivering kWs of power to custom-built low power embedded 
microcontroller configurations with data storage modules and radio data transmission. In the 
pre-launch testing, a system’s weight and size may not be of critical concern, and high 
power instrumentation may be used. The on-board satellite SHM will likely consider an 
embedded system design with space hardened hardware. While degradation of electronic 
components in space may be addressed by proper selection of a system’s elements, 
piezoelectric sensor performance in space is rather difficult to assess without environmental 
testing. A number of factors influence the operation of an SHM system in the space 
environment [38]: 

 Temperature variation from -200 C0 to +200 C0 depending on orbital position of the 
spacecraft. However, this temperature range may be narrowed to -50 C0 to +50 C0 in 
shielded components. 

 Neutral gases such as atomic oxygen can cause erosion of material and surface 
pitting.  
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 Ultraviolet radiation due to direct sunlight. 

 Natural space radiation environment including radiation trapped in planet’s magnetic 
field, galactic cosmic rays, solar wind and solar particle events. 

 High vacuum (outgasing). 

 Micro-meteorites and space debris. 

The effect of the space environment on piezoelectric material (e.g. PVDF) is thoroughly 
described in [39]. The material performance and lifespan substantially depend on its 
composition and the orbit. 

Bolted joints are among the most critical interfaces in space structures. Incorrect torque on a 
joint or a missing bolt may cause changes in the dynamic signature of the space structure 
and potentially lead to structural failure. For this reason, qualification of bolted joints during 
satellite assembly is an essential issue [40] which requires a careful consideration. It is 
envisioned [41] that integrity of satellite bolted joints can be assessed through structural 
health monitoring of satellite elements and the final assembly. Substantial research has been 
conducted on monitoring bolted joints with ultrasound [42-44]. However, prior 
investigations were focused on utilizing conventional ultrasonic transducers for assessing 
integrity of a single bolted joint. Embeddable piezoelectric wafer active sensors (PWAS) 
were explored in conjunction with the electro-mechanical impedance method also to monitor 
a single bolted joint [45]. Typical space structures include elements connected with 
hundreds, if not thousands, of bolts, and utilizing one transducer per joint is not practical. To 
address this issue an acousto-elastic embedded ultrasonic technique was developed that 
permits monitoring of considerable number of joints and a rather large structural area with a 
few embeddable PWAS [32]. The acousto-elastic technique is based on measuring local 
variation of the sound speed caused by changes in the stress condition of the bolted joint. In 
contrast to prior studies, an elastic wave is propagated through entire structure, not a single 
bolt, and this configuration allows for estimating location of a loose bolt based on the time 
of arrival of the elastic wave [46]. 
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3.3 Theoretical Background on amplitude-phase signal analysis 

Embedded ultrasonics structural health monitoring typically utilize amplitude or frequency 
as damage detection and discrimination features. In contrast, acousto-elastic detection of 
loose bolts put significant emphasis on phase information in the signal. Signal phase can be 
extracted from analytical signal x(t) using Hilbert transform  

  (1) 
where s(t) is the acquired sensor signal. Analytical signal x(t) can be presented in terms of 
real and imaginary parts or as amplitude and phase. 

  (2) 
Amplitude and phase in this case are determined in accordance with following formulations. 

 ,  (3) 

In the following development, we will use expressions above for calculating amplitude and 
phase of signals acquired in SHM experiments. 

Another signal parameter, which is sometimes used in time frequency analysis, is 
instantaneous frequency defined as a time derivative of instantaneous phase in the preceding 
equation.  

  (4) 
All of the signal features indicated above are typically analyzed as a function of time. Some 
of the best known time-dependent analyses are time-frequency or time-scale distributions 
known as spectrogram and scalogram respectively. The first one is obtained using short time 
Fourier transform (STFT) and the second is determined through Wavelet analysis. Recently 
a new Hilbert-Huang Transform (HHT) has been suggested that, in contrast to Fourier and 
Wavelet transforms, is not constrained by stationary and linearity of the record as well as the 
Nyquist criterion [47]. Comparison between Fourier and HHT presentations is given below. 

Fourier representation: data type - piecewise stationary, α and ω are constants. 

  (5) 
Hilbert-Huang representation: data type - stationary and non-stationaryα and ω are functions 
of time. 

  (6) 
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In HHT, an effective and original way of obtaining the instantaneous frequency distribution 
is to apply an Empirical Mode Decomposition (EMD) procedure developed by Dr. Norden 
Huang at NASA [47]. Diagram in Figure 3 illustrates step-by-step processing with HHT. 

 
Figure 3 HHT procedure for signal processing. http://perso.ens-lyon.fr/patrick.flandrin/emd.html 

 

 
                  Figure 4  A simple bolted joint used in analysis of the acousto-elastic signals. 
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Signal processing for diagnosis of structural joints in simple specimens 

The discussed signal processing approaches were first applied to a bolted joint specimen of 
simple geometry. Data for the specimen indicated below was available at different torque 
level, which allowed correlation of performance of signal processing approaches in 
detection of loose bolts. Below we present brief description of experiment, signal processing 
of elastic waveforms and analysis of signal features sensitive to stress levels exerted by 
bolts. 

A brief description of the experiment is given below. 

 Experimental specimen was fabricated from thin aluminum 2024-T3 plates (12” x 2” 
x 0.08”) bolted with two 3/8-16 grade 8 hex flange screws, and accompanying 3/8-16 
UNC flange nuts. 

 Bolts were torqued with a torque wrench to specified levels (see figures).  

 

(a)  

(b)  
Figure 5 Elastic wave signals of a bolted joint under different torque conditions on the bolts. (a) full-

length record, (b) zoom-in portion. 
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As it could be seen from figures above, changing the bolt torque causes elastic wave 
amplitude change and a shift in signal phase .To quantify these changes, we apply 
expressions presented above and plot results in Figure 6. 

 
Figure 6 Amplitude and phase dependencies calculated for elastic wave signals propagated through a 

bolted joint subjected to indicated levels of torque. 

Figure 6 gives much clearer picture on variation of amplitude and phase due to applied 
torque. In contrast to phase, amplitude shows less stable behavior (although larger changes) 
with amplitude difference changing in the first and the second portion of the signal. Phase 
change for the main pulse is very stable with vertical deviation indicating magnitude of the 
phase shift at different torque levels. Progressive shift downwards is observed for the whole 
pulse as torque on both bolts increases. An oscillatory variation of phase in the main pulse 
indicates nonlinear behavior, which increases under high torque levels and then stabilizes.  

A traditional approach to evaluating time-dependent nonlinear effects would be calculating 
spectrograms at each torque condition. This was done for signals presented above and 
spectrograms are presented in Figure 7. 

As it can be seen from the figure, increased level of the second harmonic is observed at 
increasing torques. However, manifestation suffers from limitations of short-time Fourier 
transform (signal stationarity and time vs. frequency resolution) and therefore other time-
frequency distributions are sought to improve manifestation of nonlinear effects. In 
particular, Hilbert-Huang transform (HHT) is suggested as described in preceding section. 
An example of signal processing using HHT is presented in Figure 8 and Figure 9. The 
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signal is essentially decomposed in a number of empirical modes that accept Hilbert 
transform and can be represented in a time-frequency plane as illustrated in Figure 9. 

 

 
Figure 7 Spectrograms of elastic wave signals propagated through a bolted joint subjected to levels of 

torque as indicated. 

 

Often, the decomposed intrinsic mode functions - imf (e.g. depicted in Figure 8) of Hilbert-
Huang transform have physical meaning. Although this statement may not be proved 
theoretically, at least the first imf in Figure 8 should include an effect of torque on the elastic 
wave signal. Indeed we see that at the fundamental frequency of around 300 kHz oscillations 
of the instantaneous frequency (Eq. 4) indicate nonlinear effects associated with torque on a 
bolted joint. In general, amplitude of these oscillations tend to increase as applied torque 
increases, but stability and repeatability of this increase is questionable as slight signal 
deviations may have a profound effect on empirical (i.e. not theoretical functions) mode 
decomposition. In other words, the detection of torque suffers from general instabilities of 
the HHT processing. Therefore, for future investigations, we selected amplitude-phase 
analysis which produced instantaneous signal features with much more clear visual 
manifestation and analytical presentation. 
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              Figure 8 Empirical mode decomposition of elastic wave signal from the bolted joint. 

 
               Figure 9 Hilbert-Huang transform elastic wave signals at various torque conditions. 
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4 RESULTS AND DISCUSSION 

4.1 Acousto-elastic Measurements in Thin plates 

It is known that the sound speed of the ultrasonic wave depends on stress condition in the 
elastic material [48]. This effect is a foundation of acousto-elasticity, which is used to 
determine the third order material constants or evaluate stresses in structural components. 
The relationship between the sound speed and the applied stress is determined by mutual 
orientation of the stress vector and direction of the wave propagation as well as structural 
geometry, boundary conditions, and constitutive material. 

 
2

1 2c E E     (7) 

In the expression above, c signifies sound speeds of various types (e.g. longitudinal, shear, 
etc.) that in general may be frequency dependent. E1 includes a combination of linear elastic 
components, and E2 is a combination of linear and nonlinear elastic components. Equation 
(7) reflects a general principle of the acousto-elasticity, and actual formulations for each 
sound speed may be obtained for particular wave propagation settings [49]. The objective of 
this study is to investigate experimentally changes in velocities of symmetric and anti-
symmetric Lamb waves propagating in thin aluminum plates. Consideration of the effect of 
the applied stress on the elastic wave propagation in thin plates is necessary because the 
condition of the bolted joint depends on stresses in structural material adjacent the bolt. 

4.1.1 Experimental Samples and Test Setup 

A series of acousto-elastic tests were conducted to determine sound speed of Lamb waves in 
a thin aluminum plate subjected to increasing levels of tensile loads. The aim of the tests 
was to develop fundamental understanding of the acousto-elastic response of the stressed 
aluminum plates. 

 
       Figure 10 Geometry and sensor layout of the aluminum plate subjected to tensile loads. 
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An experimental specimen—1 millimeter thick aluminum 6061 plate— is illustrated in 
Figure 10. The figure provides the geometry of the plate and the sensor layout. Special steel 
grips were fabricated and installed into the test area of the MTS Landmark tensile machine 
to permit uniform stress distribution in the plate. To monitor the effect of the applied stress 
on the sound speed, piezoelectric wafer active sensors (PWAS) were positioned in the cross 
pattern on the plate as presented in Figure 10. Equipment and general settings for the 
acousto-elastic test are depicted in Figure 11. The sensors were made from APC-851 
piezoelectric ceramic disks with diameter of 7mm and thickness 0.25 mm. In the 
experiment, through-transmission signals between sensor pairs S1-S3, S2-S4, S3-S1, S3-S2, 
S4-S1, and S4-S2 were recorded with the NI 5142 16 bit high speed digitizer and analyzed 
to infer sound speeds. The elastic wave signals were measured at 5 different frequencies 
with a 50 kHz increment: 300 kHz, 350 kHz, 400 kHz, 450 kHz, and 500 kHz. First, the 
elastic wave signals were acquired in the free-free condition of the plate implemented by 
placing the plate on foam. Then, the plate was installed in the load frame and signals from 
the same sensors were acquired under no-load condition. Subsequently, the loads of 5, 10, 
15, 20, 25, 30, 35, and 40 kN were applied, and the elastic waveforms corresponding to 
these stress levels were measured. It needs to be mentioned that in this tensile test the plate 
was completely unloaded after each stress increment; i.e. each load increment started with 0 
kN and then reached the designated value. 

 

 

 

 
                                   Figure 11 Equipment utilized in the acousto-elastic test. 



 

Approved for Public Release; Distribution Unlimited. 

18 

(a) (b)  

(c) (d)  

Figure 12 Ultrasonic signals obtained with sensor pair S4 (transmitter) - S2 (receiver) for various load 
conditions and four excitation frequencies: (a) 300 kHz, (b) 350 kHz, (c) 400 kHz, (d) 500 
kHz. 

 

(a) (b)  

        Figure 13 Details of the S4-S2 acousto-elastic response at 500 kHz: (a) S0 mode, (b) A0 mode. 
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(a) (b)  

Figure 14 Acousto-elastic response of the sensor pair S3-S1 at 500 kHz: (a) signal records at various 
load conditions, (b) details of S0 mode.  

(a) (b)  

Figure 15 Theoretical (solid lines) and experimental (points) sound speeds extracted using the cross-
correlation method: (a) dispersion curves, (b) details of the S0 mode dispersion. 

4.1.2 Results of the Acousto-Elastic Test 

Examples of the elastic waveform recorded during the tensile test are presented in Figure 13. 
This figure illustrates the effect of static stress on the elastic wave propagating in the 
direction of the applied stress. The records obtained for several excitation frequencies show 
changes in the signal arrival due to the load. The first pulse in the record corresponds to the 
S0 wave propagation mode and the second, smaller, pulse is the A0 mode. It is interesting to 
note that A0 is not excitable at all frequencies as predicted by Giurgiutiu (2005) [50] and 
contributes at frequencies above 400 kHz. The signal delay due to applied stress is observed 
at all frequencies and in both S0 and A0 ultrasonic pulses. Details of the signal delay due to 
applied load are illustrated in Figure 13. The S0 mode shows a consistent signal time delay at 
increasing loads. Higher load causes the larger the time delay. The difference between “no-
load” and “40 kN” is the time delta of Δ1 = 22·10-8 seconds. It is evident that propagation of 
the S0 mode depends on the static stress level and the time delay correlates very well with 
the magnitude of applied load. A comparable behavior was observed for the A0 guided wave 
mode. From Figure 12d one may observe that amplitude of the A0 pulse is noticeably lower 
than the S0 pulse. As a result, contribution of noise is much more noticeable in the A0 wave 
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as illustrated in Figure 13b. Although the A0 mode shows notable correlation between the 
applied load and the A0 pulse delay, the stability of results is less obvious than in the S0 
case.  

When the elastic wave is propagated in the direction perpendicular to the applied load, the 
acousto-elastic effect is much less pronounced for both S0 and A0 modes. Figure 14 
illustrates the acousto-elastic response of the sensor pair S3-S4 representative of this 
experimental scenario. From this figure, it is difficult to infer dependence of the pulse delay 
on the level of the applied load although smaller delays are noticeable for high loads and 
larger delays are observable for comparatively low loads. It should be noted that the time 
delta between extreme conditions in Figure 14b is Δ2 = 6·10-8 seconds, which is three times 
smaller than Δ1 obtained for elastic waves propagating in the direction parallel to the applied 
load. 

Figure 13 suggests consistent decrease of sound speed at increasing levels of the applied 
load. To evaluate changes in sound speed due to the applied loads, we utilized a well known 
correlation method [16] in which a sound speed is calculated from position of maximums of 
Hilbert envelopes of a cross correlation function of transmitted and received signals. The 
results of such evaluation are presented in Figure 15 along with the theoretically calculated 
dispersion curves. A zoomed-in portion of the dispersion curve showing details of a 
downward shift of the sound speed for S0 guided wave mode is given in Figure 15b. 
Although a downward shift of the sound speed at increasing stress levels is apparent in 
Figure 15b, it is not as consistent as Figure 13a implies. The reason for this discrepancy is 
that the cross-correlation procedure alters the shape of the elastic wave pulse and generally 
would produce less accurate results than the phase comparison methods. The majority of 
phase methods, however, utilize non-dispersive signals and further considerations are 
needed to apply such detection schemes to dispersive waves. 

 

4.1.3 Numerical modeling of acousto-elastic effects  

4.1.3.1. Theoretical Considerations 
Development of reliable methodologies for damage detection in complex structures requires 
thorough understanding of wave dynamics in components subjected to local stress variation. 
To date, theoretical developments in acousto-elasticity were focused on bulk wave 
propagation in infinite medium subjected to particularly oriented stress.  
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and  
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In the equation above where ui, ul are components of a strain tensor 
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, μ is a shear modulus and K is bulk modulus of elastic solid. 

Nonlinear effects are modeled using a volumetric force term Fi, which includes third-order 
nonlinear parameters A, B, and C. Alternative models may be developed using a set of 
Murnaghan indexes, l, m, n, which account for nonlinear acoustic effects and have a direct 
correspondence with nonlinear parameters A, B, and C. Steady state variant of Eq. (1) is  

 2 v   u F  (10) 

and stress     ,   i      s I u  (11) 

where  (12) 
is the strain energy function for hyper-elastic material. The strain is 

 . (13) 
Lame elastic moduli 

 ,            (14) 
Due to complexity of the analytical solution, our efforts were directed to numerical 
modeling using the above mentioned equations. 

Comsol® package allows for modeling of hyper-elastic material and incorporation of 
nonlinear effects via Murnaghan indexes. Our approach involves modeling of the pre-
stressed state first and then accounting for acousto-elastic effect using new state of stress 
and hyper-elastic material. Since Murnaghan expansion describes nonlinear material 
behavior using third order constants (indexes), wave propagation modeling using typical 
linear material must be considered first and compared to different material models. 
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4.1.3.2. Numerical model for linear elastic wave propagation  
A simple structure – a thin aluminum plate was considered and model parameters such as 
numerical damping, elastic wave frequency, finite element size and distribution were 
investigated.  

The model illustrated in Figure 16, assumes a thin aluminum plate in 2D geometry and plane 
strain condition. The plate is 0.3 meters long and 0.0011 meters thick. A 3 count excitation 
is appllied via elastic force acting on the surface, close to the end of the beam. Time-
dependent solver with unity of numerical damping was utilized in all studies. 

The first mesh consisted of 
free triangular elements 
and no refinements were 
made. One parameter for 
creating a mesh is the 
resolution for thin areas. 
This was applied across 
thin portion of the plate. 
The first mesh had a 
resolution of 1 element 
across the thin area. The 
next two meshes presented 
below have no refinments 
but the resolution was 
changed to 2 and 4 
elements per thig region 

for each case. The last three meshes presented are the ones which result from refining the 
first mesh. Subsequent refinements are labeled as 1, 2 and 3 refinements. On the current PC, 
issues due to limited computer memory were noticed and no further refinements were 
possible while modeling using current hardware. Each modification of the mesh resulted in 
differet element size and elements per plate thicknes as shown in Table 1. 

Table 1 Finite element sizes resulted from mesh adjustments. 

  element size (m) elements thick 
no refinements 0.0015 1 
no refinements resolution 2 0.00078 2 
no refinements resolution 4 0.00037 4 
1 refinement 0.00072 2 
2 refinements 0.00039 4 
3 refinements 0.0001919 8 

 

Numerical studies were conducted at two frequencies f1=200 kHz and f2=500 kHz. 
Assuming sound speed for symmentric S0=5350 m/s, and anisymmetric A0=2900 m/s 
modes, we arrive to λS0f1= 0.0267 m, λS0f2= 0.0107 m, λA0f1= 0.0145 m, λA0f2= 0.0058 m.  

 
Figure 16 2-D model of the wave propagation in thin aluminum plate 
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(a) No refinements 

 
(b) No refinements-resolution 2 thick 

 
(c) No refinements-resolution 4 thick 

 
(d) 1 refinement 

 
(e) 2 refinements 

 
(f) 3 refinements 

 
                                      Figure 17 Various meshes used in the numerical study. 
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(a)  

(b)  

(c)  

Figure 18 Results of finite element modeling of 200 kHz elastic wave pulse propagating in a thin plate: 
(a) simulated signal, (b) close-up on a S0 component, (c) close-up on A0 component. 
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This suggests about 10 to 20 elements per wavelength for 200 kHz pulse and less than 10, 
(actually 9.66) to 3.7 for 500 kHz. Clearly 200 kHz pulse is at the limit of proper settings 
and 500 kHz pulse is noticeably below this requirement especially for A0 mode. For proper 
wave reconstruction, a typically suggested number per elastic wavelength is 20.   

Figure 18 illustrates a typical record obtained as a result of a numerical model for 200 kHz 
pulse. Very low variability of data for different number of elements and degrees of 
refinement is observed for first S0 pulse (figure a). For the S0 mode, a phase difference 
signals obtained with coarse and the finest meshes reaches ΔS1=0.0025 micro seconds. The 
difference between the finest mesh and a refinement just below the finest mesh is 
ΔS2=2.9372e-004 micro seconds. Interestingly, 1 element per thickness substantially 
impacts manifestation of A0 mode which is almost 90 degrees out of phase with data 
obtained for finer meshes. One needs at least 2 elements per plate thickness or refinement to 
adequately represent the wave propagation at 200 kHz. For an A mode, the difference 
between the finest mesh and a refinement just below the finest mesh is ΔA1=0.0141 micro 
seconds. 

A distinctly different situation occurs when a 500 kHz pulse is used. The difference between 
coarse and fine meshes in this case reaches ΔS3=0.0067 micro seconds; and the difference 
between very fine and the fines meshes ΔS4=2.1467e-004 micro-seconds. The 
antisymmetric A mode exhibits substantial variability and for best meshes reaches 
ΔA2=0.0422 micro seconds. 

It should be mentioned that experimental studies have shown that the difference between 
“no-load” and “40 kN” structural conditions evaluated with piezoelectric sensors, are 
Δ1=0.22 micro-seconds for elastic wave propagating parallel to the allied stress and 
Δ2=0.06 micro-seconds for elastic wave propagating perpendicular to the load.  Therefore, 
for 200 kHz S0 and A0 pulses the mesh gives variability at least an order of magnitude less 
than observed in acousto-elastic experiments. A 200 kHz model may be used in the acousto-
elastic models. However, for 500 kHz data, variability is slightly more than an order of 
magnitude of the acousto-elastic effect. And using such a frequency for acousto-elastic 
numerical studies in the current model is questionable.    

Another aspect of the numerical modeling is a number of time instants produced by a 
numerical solver per one wavelength. This is similar to a sample rate in signal processing. If 
the number of samples is small, than a minuscule phase shift may not be noticed or detected.  
Figure 19Figure 20 illustrates that a waveform for 200 kHz shows around 21 samples per 
period and 500 kHz presents only 9 samples per period. Even more, Figure 20 suggests very 
coarse sampling for A0 mode. Such a sampling may be considered for a linear measurement 
scheme with a finite element model using refined meshes, but it is not adequate for 
nonlinear measurements, including acousto-elasticity. Therefore, models with refined 
meshes and with pulse of 200 kHz and below are recommended. 
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(a)  

(b)  

(c)  

Figure 19 Results of finite element modeling of 500 kHz elastic wave pulse propagating in a thin plate: 
(a) simulated signal, (b) close-up on a S0 component, (c) close-up on A0 component. 
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(a)  

(b)  

(c)  

Figure 20 Examples of sampling for numerically modeled elastic wave signals in a thin plate: (a) 200 
kHz signal, (b) 500 kHz signal, (c) close-up on A0 component of 500 kHz signal. 
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It is interesting to note that initial Comsol numerical modeling of wave propagation in thin 
plates produced noticeable discrepancy between experimental, analytical and numerical 
data.  Improvements in modeling were not possible initially due to lack of computing 
resources and PC performance. To mitigate this issue, a high-speed PC dedicated to 
numerical analysis was acquired and models were refined. Our efforts allowed us to 
overcome previous limitations of Comsol modeling of guided wave propagation. 
Simulations were run for input frequencies from 100 to 600kHz in 100kHz increments. The 
old and new Comsol simulation results are presented in Table 2. Illustration in Figure 21 
reveals each Comsol model versus the theoretical dispersion curve for the S0 mode and 
suggests adequate matching of numerical and analytical models. 

 

                                 Table 2 Wave Speeds for S0 modes in Comsol 

Frequency (kHz) Comsol S0 (old) Comsol S0 (new) 

100 5216 5506 

200 5111 5363 

300 4960.8 5373 

400 4729 5356 

500 4720 5345 

600 4583 5353 

 

 

Figure 21 Dispersion curves obtained with theoretical (analytical), old and new numerical 
models. 
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4.2 Acousto-elastic Assessment of Bolted Plates 

In order to develop fundamental understanding of the 
acousto-elastic behavior of bolted thin-walled structures and 
application of the acousto-elasticity for detection of loosened 
bolts, a set of experiments with bolted thin plates were 
conducted. In complex structures, a typical interface 
assessment scenario would consist of finding one loosened 
bolt among many properly tightened bolts. To accommodate 
for this condition, a specimen consisting of two aluminum 
6061 plates (thickness 2.42mm) joined with a row of 12 bolts 

was considered (Figure 23). 

In the acousto-elastic tests, it is important 
to know the stress exerted on the structure 
by the bolted joint. To our opinion, devices 
allowing for setting a certain torque and 
applying it to the bolt may not be accurate 
enough to indicate the actual stress exerted 
by the bolt. For this reason, s particular 
device – load washer was considered for 
measurement of stress in the joint. A 
washer-type load cell was purchased, 
installed and calibrated to facilitate 
measurement of the actual stress in the 
structure exerted by a single bolt. The 

Omegadyne LCWD-5k depicted in Figure 22 is a washer-type load cell for measuring 
compressive axial loads. The unit requires an excitation voltage of 10 V, and generates an 
output of 21.5741 mV when compressed to its design load of 5000 lbf, according to the 
manufacturer’s specifications.  The no-load reading is approximately zero mV, and output 
increases linearly with increasing load.  In use, the load cell is installed on a bolt with a flat 
washer underneath the cell and a spherical washer on top of it to ensure uniform axial 
loading.  The 10 V excitation is supplied by a regulated power supply, and the output 
voltage is read using a National Instruments PXI-5142 digitizer.  A PC running LabVIEW is 
used to interpret the signal from the digitizer, convert the mV output into a force reading, 

and display the reading.  The conversion equation is:  ܨ ൌ 5000݈ ௙ܾ ቀ
௑	௠௏

ଶଵ.ହ଻ସଵ	௠௏
ቁ.  To reduce 

the effects of random noise in the signal, the LabVIEW VI was designed to keep a running 
average of the last 25 data points, and display this number as the load reading, while 
sampling continuously.  This level of average was found experimentally to provide the 
maximum reduction in load reading fluctuation under static load, without introducing 
appreciable delay into the presentation of dynamic loading (i.e. without compromising real-
time accuracy of the load reading). Using the torque wrench currently used in our 
laboratory, the loads indicated in Table 3 were measured at the various torque steps applied 
to a bolted joint during an SHM experiment. Based on the manufacturer’s specifications, the 
accuracy of the axial load measurements with Omegadyne LCWD-5k is േ25 lbf. 

 
Figure 22 Load washer, 

www.omega.com. 
Table 3 Torque levels exerted by the torque 

wrench and corresponding axial loads 
measured by the load cell. 

Torque (ft-lbf) Measured Axial Load (lbf)

0 0 

15 2125 

20 2840 

25 3725 

30 4566 

35 5000 
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In the acousto-elastic test, the bolted 
plate specimen was placed on foam to 
implement the free-free boundary 
condition. The plates were 
instrumented with two circular PWAS 
(diameter – 7 mm, thickness 0.25 – 
mm) bonded with the cyanoacrylate 
adhesive. The RITEC RAM-5000 
ultrasonic testing system was utilized 
to generate 5 count ultrasonic pulses. 
Sensors S2 and S1 were used 
respectively to transmit and receive the 
elastic wave signals at 400 kHz. 
Initially, all bolts in the joint were “fully tight” at 35 ft-lbs. Then, to simulate various 
conditions of the joint, a torque wrench was used to apply specific torques on one of the 
bolts situated on the wave propagation path between sensors S1 and S2 as indicated in 
Figure 23. First, the bolt was loosened to establish the “finger-tight” condition, which 
approximately corresponded to 0.1 ft-lbs. Subsequently, the torque levels were increased to 
15 ft-lbs, 25 ft-lbs, and 35 ft-lbs. The elastic wave signals corresponding to the indicated 
levels of torque were recorded with the 16 bits, 100 Ms/s high-speed digitizer. Elastic wave 
pulses exemplifying the extreme “finger-tight” and 35 ft-lbs conditions are presented in 
Figure 24(a)(b). According to the figure, ultrasonic signals corresponding to “finger-tight” 
and 35 ft-lbs cases substantially differ in both time of arrival (or signal phase) and 
amplitude. It is suggested that both of these features can be employed to detect a loosened 
bolt. 

 (a) (b)  

(c) (d)  

Figure 24 Elastic wave signals acquired in the bolted panel test: (a) the first pulse corresponding to 
“finger-tight” (FT) and 35 ft-lbs conditions on bolt 1, (b) zoomed-in portion of signal in (a), 
(c) ultrasonic signals obtained at various load levels and (d) zoomed-in portion showing 
stress-induced phase shift. 
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Figure 23 Bolted plate specimen and sensor layout.  



 

Approved for Public Release; Distribution Unlimited. 

31 

Figure 24c and 7d present details of ultrasonic signals corresponding to various levels of 
torque applied to bolt 1. The figure indicates a consistent time delay (or signal phase shift) 
proportional to changes in the applied load. However, as the toque level on bolt 1 
approaches the torque on other surrounding bolts, the phase shift becomes less pronounced 
as illustrated by conditions of 30 ft-lbs and 35 ft-lbs in Figure 24d. Hence, as anticipated, 
small differences in torque levels with respect to other bolts would be possible but difficult 
to detect. In contrast, large variation of torque and extreme conditions such as “tight” and 
“loose” bolts produce clear differences in phase and amplitude of the ultrasonic waves. The 
experiment with bolted plates has also demonstrated potential to evaluate a torque drop on 
one of the bolts. 

4.2.1 Principles and Realization of the Phase Scan Baseline-Free Method 

The acousto-elastic method described above utilizes a baseline of the intact (undamaged) 
conditions of the structural joint. This approach is effective in detecting and even locating 
the “loose” bolt as discussed in Doyle et. al., (2008) [51]. However, the need for a baseline 
limits utility of the acousto-elastic damage detection. To mitigate requirement of the 
baseline, relative ultrasonic measurements were considered. In particular, each structural 
condition was assessed using ultrasonic signals with four different initial phases. The initial 
phase of an excitation signal supplied to PWAS was shifted by 90 degrees, and resultant 
elastic waveforms were measured. For convenience, scanning of the initial phase at 0, 90, 
180, and 270 degrees was implemented. An effect of phase scanning on the received signal 
is illustrated in Figure 25, where ultrasonic signals are shifted by 90 degrees. Figure 25 was 
obtained for “loose” and “tight” condition of a single bolt in a bolted joint connecting two 
thin aluminum plates. All other bolts in the joints were set to “tight”. The figure visually 
indicates difference between top (loose) and bottom (tight) signals corresponding to these 
experimental scenarios. However, in the proposed baseline-free phase-scan method, signals 
with different initial phases for each condition are compared. It is anticipated that the 
“damaged” case could yield more difference to signals of different phase than the 
“undamaged” case. In order to infer this difference, signals with 180 degrees phase shift are 
added. The level of a harmonic signal in the resultant difference is evaluated using spectral 
analysis as presented in the example below. Based on the level of the residual signal, a 
decision is made on the condition of the joint. 

 
Figure 25 Elastic wave signals collected on a bolted plate specimen under “tight” and “loose” condition 

of bolt 1. Each group of records consists of signals with four different initial phases. 
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In the proof-of-concept experiment, all bolts in the joint were subjected to 35 lb-ft torque. 
One bolt, directly on a line (left) between sensors S2 and S1 was removed and an 
Omegadyne LCWD-5k load cell with equivalent bolt was placed in this location. Several 
levels of torque according to Table 3 were applied to the bolt in the load cell. Sensor S2 was 
used as a transmitted and sensor S1 as a receiver of elastic wave signals with different initial 
phases. An excitation signal was a 5 count pulse with a central frequency of 400 kHz. As a 
result, 4 signals (0, 90, 180, and 270 degrees) were obtained for each load level in the joint. 

  
Figure 26 Elastic wave signals collected on a bolted plate specimen under “tight” and “loose” condition 

of one bolt in the joint. Each figure indicates processing of 180 degrees out-of-phase signals. 

Results of subtraction of signals with 0 and180 degrees and 90 and 270 degrees of initial 
phase are illustrated in Figure 27 for different stress conditions in the bolted joint. Data for 
“tight” condition (35 ft-lbs) is the same for all figures. “Loose” condition indicates the 
torque level in the figure title (e.g. 30 ft-lbs for figure (a)). As it could be seen in the figure, 
the “finger tight” condition shows much larger amplitude of the out-of-phase signals. To 
quantify difference in amplitude of these signals, we calculated their spectral characteristics 
(using FFT) shown in Figure 28. An advantage of using spectral characteristics is that such 
characteristics provide amplitude of spectral component at transmitted frequency of 400 kHz 
and, in addition, show evolution of spectrum due to different stress conditions. The latter 
may be considered as an addition parameter in discriminating torque levels. 

0 20 40 60 80
-0.015

-0.01

-0.005

0

0.005

0.01

Time s

A
m

pl
itu

de
, V

 

 

tight 0
tight 180
loose 0
loose 180

0 20 40 60 80 100
-0.015

-0.01

-0.005

0

0.005

0.01

Time s

A
m

pl
itu

de
, V

 

 

tight 90
tight 90
loose 90
loose 270



 

Approved for Public Release; Distribution Unlimited. 

33 

 
Figure 27 Results of subtraction of out-of-phase signals for different stress conditions in the bolted joint. 

“Tight” is the data for 35 ft-lbs, “loose” is data for the stress condition indicated in a title of 
each plot.  
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                 Figure 28 Power spectrums of time-domain records illustrated in previous figure.  
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An algorithm for baseline-free detection of a defective joint could incorporate assessment 
using a threshold. For example, a threshold in the proof-of-concept experiments may be set 
to 0.5 amplitude of the spectrum in Figure 28. Figure 28 suggests indistinguishable cases for 
joints subjected to 35 ft-lbs and 30 ft-lbs respectively. The 25 ft-lbs case shows some 
difference, but probably not significant enough to warrant reliable discrimination of two 
torque levels. Minor differences were observed for the case of 20 ft-lbs. However, the case 
of 15 ft-lbs shows noticeable difference exceeding the 0.5 threshold. The finger-tight (i.e. 
loose bolt) case is reliably distinguished from the “tight” 35 ft-lbs condition. Proof-of-
concept experiments has shown capability of the baseline-free amplitude scan method to 
detect the “loose bolt” condition and discriminate between high (35 ft-lbs) and low (15 in-
lbs) torque levels. It is suggested that although discrimination capabilities of the phase scan 
baseline-free method is lower than the acousto-elastic method with the baseline, it indicates 
potential for assessing not only binary (“tight” and “loose”) scenarios, but also 
distinguishing high and low torque conditions. 

 

                 Figure 29 Typical acousto-elastic experimental results for a thin-walled specimen. 
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first test was conducted with all of the bolts fully torqued to 35 ft-lbs. Once the data was 
collected, bolt 3 was loosened and the test was run again at this condition. Bolt 3 was then 
re-tightened back to 35 ft-lbs and data was collected again. This process of loosened and re-
tightening continued for bolts 4-8. The collected data was then analyzed with both the 
instantaneous phase method and the zero-crossing method. 

Figure 29 illustrates typical experimental results for “tight” and “loose” condition of a 
particular bolt. To obtain amplitude and phase information, Hilbert transform was applied to 
the signal record and amplitude and phase were calculated using Eq. (4). Envelopes of signal 
amplitude are presented on the top portion of Figure 29 along with collected raw data. The 
differences between signal envelops corresponding to “tight” and “loose” conditions of the 
joint are presented on the medium portion of the same figure. Noticeably, this difference 
becomes pronounced as a clear change in magnitude of the difference around late 50 µs – 
early 60 µs, indicating location of a loose bolt. Phase of the signal was unwrapped in 
accordance with an algorithm described above and implemented with Matlab’s 
unwrap(x) function. The phase difference between “tight” and “loose” test scenarios is 
illustrated in the bottom portion of Figure 29; the curve suggests considerable changes in 
late 50 µs – early 60 µs. Another interesting feature inferred from the phase plot in Figure 29 
is information on phase leading or lagging with respect to baseline (i.e. “tight”) signal. 
Noticeably in the temporal waveforms on Figure 29 top, a record corresponding to “loose” 
bolt condition first lead (around 60 µs ) and than lags (around 70 µs ) the baseline “tight” 
signal. A summary of changes in amplitude and phase for “tight” and “loose” conditions of 
several bolts in the joint is presented in Figure 30. As it can be seen in the figure, position of 
initial phase shift depends on location of a “loose” bolt. Immediate changes are noticeable 
for bolts 5 and 6 which are on the direct wave propagation path between sensor 2 and sensor 
1. Data for bolts 4 and 7 show shift at later time, as the elastic wave is reflected from these 
joints and travels longer distance. Interestingly, pairs of bolts (5-6, 4-7, and 3-8) are 
symmetric with respect to direct wave propagation path and hence exhibit changes of 
opposite sign in Figure 30. It should be noted that amplitude data generally follows results 
of phase calculations, but is less accurate in indicating position of a loose bolt. In contrast to 
phase, amplitude is less effective in detecting immediate changes in waveforms for bolts 5 
and 6 on a direct wave propagation path between the sensors. 

(a) (b)  

Figure 30 Amplitude change (a) and phase shift (b) for “tight” vs. “loose” condition of the indicated 
bolts in the joint. 
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Figure 31 Experimental data (top) and a shift between 
zero crossings in signals corresponding to 
“tight” and “loose” condition of bolt3. 

    Figure 32 Summary of zero crossing difference 
        for indicated bolts. 

 

An alternative approach to determining phase changes in a signal is the zero crossing 
method described above. Raw waveforms are presented in Figure 31. The time shift in 
Figure 32 is calculated as difference between zero crossings in signals corresponding to 
“tight” and “loose” conditions. Remarkably, results of zero crossing processing are in 
excellent agreement with the instantaneous phase data; even symmetry of the shift for pairs 
of bolts is preserved. 

4.2.3 Reference-free phase scan method and instantaneous parameters 

Damage detection methods discussed above involved comparison of measured data to a 
“reference” or “baseline” representing “tight” or “undamaged” condition of the bolted joint. 
To reduce dependence on the reference data, a reference-free method was developed (Zagrai 
et al., 2010). The method consists of sequential transmission of elastic signals with opposite 
phases (e.g. 0, π/2, π, 3π/2), which manifest identical signal features for expansion and 
contraction cycles of the propagating elastic wave. In the linear system, these features will 
cancel out upon summation. In nonlinear system, however, features will not cancel out 
completely due to acousto-elastically induced differences in expansion and contraction 
portions of waveforms. Illustration of the method is presented in Figure 33. Upper and lower 
waveforms in Figure 33a correspond to raw signals collected for “tight” and “loose” 
conditions of bolt 5 of the plate specimen discussed above. Sensors S2 and S1 were used to 
transmit and receive elastic wave signals. The “tight” condition of the joint corresponded to 
35 ft-lbs while the “loose” condition of the joint corresponded to “finger-tight” bolt 6. 
Noticeable in the figure, amplitude of the initial pulse in the “tight” data is larger than in the 
“loose” data; this observation is also reflected in Figure 33b representing instantaneous 
amplitude calculated from the raw data using equation 4. Instantaneous phase was 
determined with the second equation 4 and unwrapped for continuous representation in 
Figure 33c. In the reference-free method, we consider a difference between the amplitudes 
and phases for signal pairs with the following initial phases: 0, π and π/2, 3π/2. The 
amplitude differences are presented in Figure 34a and instantaneous phase differences are 
presented in Figure 34b. The figure suggests that amplitude difference is larger for “loose” 
condition rather than for “tight” condition. Hence, a threshold may be implemented to 

0 50 100 150 20
-0.4

-0.2

0

0.2

S2S1 Bolt 3 tight/loose zero crossing

Time, s

A
m

p
lit

u
d

e
, 

V

 

 

0 50 100 150 20
-1

0

1

Time, s

S
h

ift
, 
s

T
L

40 50 60 70 80 90
-1

-0.5

0

0.5

Time, s

S
hi

ft,
 

s

S2S1 zero crossing difference for indicated bolts

 

 

Bolt 3 Bolt 4 Bolt 5 Bolt 6 Bolt 7 Bolt 8



 

Approved for Public Release; Distribution Unlimited. 

38 

distinguish between these cases. Instantaneous phase data shows even more pronounced 
difference that improves the detection capabilities of the method. Therefore, concurrent use 
of amplitude and phase information is recommended. 
 
 

 

(a)

 
Figure 33 Reference-free acousto-elastic assessment of 

bolted joint: (a) signals of different initial phase,
(b) amplitude of signals in (a), (c) unwrapped
phase of signals in (a).  

(b)

(c)

 

 

(a) (b)  
Figure 34 Difference between instantaneous amplitudes (a) and phases (b) for signals shifted by π. 
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4.3 Assessment of Bolted Joints In Satellite Panels of Complex Geometry 

Experiments with specimens of relatively simple geometry have shown applicability of 
phase and amplitude features in condition monitoring of bolted joints. Transition to a 
specimen of complex geometry was considered and several studies illustrating performance 
of the acousto-elastic method for assessment of structural integrity were conducted. 

4.3.1 Influence of signal excitation level on phase detection 

Acousto-elasticity is a nonlinear phenomenon in which the manifestation depends on 
condition of an excitation signal. One of the most critical parameters of the excitation signal 
is its amplitude. If amplitude of the excitation signal is too low, manifestation of acoustic 
nonlinearity may be weak and difficult to detect. Therefore, studies on the effect of 
excitation levels on the magnitude of the phase shift are of paramount importance to the 
practical realization of acousto-elastic SHM. Below we present results of an experimental 
study on the effect of signal amplitude on the acousto-elastic detection of loose bolts in a 
realistic satellite panel.  

(a)  (b)  
Figure 35 (a) Inside view of a satellite panel showing isogrid; (b) front view of the panel with location of 

bolts and sensors. 

A realistic satellite panel was built to resemble two sides of a real satellite. Each side was 
comprised of two isogrid plates bolted together as depicted in Figure 35a. The plates were 
made of aluminum 6061-T6 and measured 18”x18”x0.5” with an isogrid milled on one side 
consisting of 64 cutouts. Each cutout was 2”x2”x0.875”and spaced 0.25” from the next. The 
plates were then bolted together with the isogrid on the inside using 49 1” #8-32 socket cap 
screws. The top plate had 49 0.164” through holes with a 0.64” counter bore with a diameter 
of 0.27”. The bottom plate was given 49 holes to line up with the top plate however; they 
were threaded for #8-32 bolts. In order to properly specify bolt location, the columns and 
rows were labeled 1-7 and A-G as shown in Figure 35b. Four circular feedback PWAS were 
then installed in a rectangular grid using a cyanoacrylate adhesive and were labeled as 
illustrated. 

During a test, PWAS were excited at different voltage levels in order to transmit elastic 
waves of different amplitudes. A 3 count 350 kHz pulse signal was supplied to sensor S1 
which generated a wave traveling towards S2, which was used as a receiving sensor. The 
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test was run for two conditions of the joint.  For the first conditions all of the bolts were 
tightened to a torque of 35-40 in-lbs. The excitation level for each test was set at different 
levels on the RITEC system. The first test was run at the output level 5, which corresponds 
to 64 volts, and was increased by 5 for each subsequent test up to level 30 corresponding to 
187 volts. Once all the excitation levels had been run for the “tight” condition, bolt D4 was 
loosened and the data was collected again. 

(a) (b)  
Figure 36  (a) Healthy (tight) and loose waveforms for excitation level of 5 and 30, (b) effect of 

excitation level on instantaneous phase shift between tight and loose waveforms. 

The results of the test indicate that the excitation level does have an effect on the amount of 
phase shift in the elastic waveform. Figure 36a illustrates a zoomed portion of the 
waveforms. Noticeably in the figure, waveforms acquired at high excitation level of 30, 
suggest larger difference in amplitude and phase features than waveforms acquired at low 
(5) excitation level. Experimental data for intermediate levels follow this trend. 
Instantaneous phase differences for the signals corresponding to the “tight” and “loose” 
conditions of the joint are presented in Figure 36b. It can be observed that the amount of 
visible shift from the tight to loose case changes for each excitation level. The peaks which 
occur at the time 82.5 μs show that the most shift occurred in the test run at 30, which is a 
unitless excitation level in Ritec system. As the level is decreased the amount of shift also 
decreases for this section of the plot. However, it should be noted that at around 90 μs the 
lower excitation levels produce more phase shift which decreases as the excitation level 
increases. This discrepancy may be related to the mutual orientation of the wave propagation 
vector and stress in the joint. In general, it was observed that the higher the excitation level, 
the larger the phase shift. However, high excitation levels could contribute to sensor fatigue 
and levels in a range 15 to 20 (110 to 130 volts) are generally recommended. 

4.3.2 Detection of a missing bolt in a satellite panel 

One of possible damage scenarios in a complex structure with bolted joints is a missing bolt. 
A series of tests were performed to observe an effect of a missing bolt and its location on the 
amplitude and phase of an elastic wave transmitted from sensor 1 to sensor 2. A harmonic 5 
count 300 kHz pulse was applied to transmitter S1. Acoustic signal was received by S2 and 
averaged 150 times to reduce noise. The first measurement was performed with all of the 
bolts tightened to 35-40 in-lbs. Once the data was recorded the bolt, D1, was removed. The 
wave was again propagated from sensor 1 to 2 and the data was collected. The bolt was then 
replaced and retightened. In the next step, bolt D2 was removed. Data was collected for this 
condition and the bolt was replaced and retightened. The process continued for bolts D3, D4, 
D5 and D6. The location of bolts and sensors are illustrated in Figure 35b. 
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An example of signals 
collected in one of 
experiments is shown in the 
top portion of Figure 37. 
Also shown in the figure are 
the temporal distributions of 
instantaneous amplitude and 
phase differences between 
“healthy” and “no bolt” 
conditions. A summary of 
these differences for all of 
the experimental scenarios is 
presented in Figure 38. It 
should be mentioned that 
results of zero-crossing 
processing matched with 
Figure 38. 

(a) (b)  
                         Figure 38 Amplitude and phase difference for indicated missing bolt. 

Although amplitude and phase data for the missing bolt experiment show elements of 
similarity, in general, they do not match. Because of noticeable changes in 45-50 µs range, 
the instantaneous phase allows for detection of a missing bolt located close to direct wave 
propagation path between the sensors. In contrast, the instantaneous amplitude does not 
suggest activity below 60 µs. Sound speed also appears to vary depending on presence of 
bolt, which results in different time of occurrence for signal features in Figure 38.  

4.3.3 Detection of a loose bolt in a satellite panel 

Detection of a loose bolt is the one of the critical tasks of an on-board SHM system. To 
investigate suitability of the instantaneous amplitude and phase in determining location of a 
loose bolt, several experiments have been conducted that involved collecting data for tight 
and loose conditions of a particular bolt on a panel. The tight condition corresponded to the 
case when all bolts on a panel were properly torqued. 
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Figure 37 Signals collected for tight and no-bolt conditions of 

bolt D3 (top), difference in signal amplitude (middle) and 
phase (bottom).
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Sensors S1 and S2 were utilized as 
a transmitter and receiver of 
elastic waves. First, all bolts were 
properly torqued and the 
waveform corresponding to this 
condition was collected. Then bolt 
D3 was loosened to “finger-tight” 
state (several in-lbs) and an elastic 
wave was transmitted and 
recorded. Hence, in this 
experiment, the bolt was not 
removed from the panel. Upon 
collecting the data, the bolt was re-
torqued to establish tight 
condition. Example of waveforms 
collected in the experiments are 
presented in Figure 39. 
Instantaneous amplitude and phase 

showing differences between the signals corresponding to the “tight” and “loose” conditions 
are shown in Figure 39bc. As it can be seen in the figure, changes occur not immediately, 
but after some time because bolt D3 is slightly off the direct wave propagation path between 
the sensors. The experiment was repeated for bolts D1, D2, D4, D5, D6 and results are 
reported in Figure 40a and 16b. Noticeable in the figure, the instantaneous amplitude data 
matches well with the instantaneous phase data, although there is a little discrepancy in the 
time of relative changes. Consideration of the phase shifts in Figure 40b and wave 
propagation distances for bolts D2D3, D1D4, D5, D6 (0.1707m, 0.2231m, 0.3018m, 
0.3912m) suggests a sound speed of slightly above 3 km/s, which indicates propagation of 
anti-symmetric mode approaching Rayleigh velocity limit. 
 
 

(a) (b)  
Figure 40 Amplitude and phase difference for indicated loosened bolt. 
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Figure 39 Signals collected for tight and loose conditions of 

bolt D3 (top), difference in signal amplitude (middle) and 
phase (bottom). 
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       Figure 41 Sensor layout on a satellite panel utilized in a reference free acousto-elastic testing. 

4.3.4 Reference-free acousto-elastic method in complex satellite structures 

The final portion of work on complex satellite panel was devoted to investigation of 
performance of the reference-free phase scan acousto elastic method. The study is important 
to understand applicability and limits of the reference-free method in complex structures 
with isogrids. The experimental satellite panel described above consisted of satellite side 
panels with isogrid. Material of the panels is aluminum 6061. The two isogrid plates make 
one panel when the plates are joined with 49 bolts. A photograph of a panel with sensor 
layout is presented in Figure 41. The distances from sensor to sensor and sensor to bolts are 
shown in the figure. The distances were measured from the outside perimeter of the sensor 
or bolt. 

All experiments were conducted by applying the 3count 350 kHz voltage signal to APC 851 
piezoelectric sensor (7 mm diameter with feedback electrode) bonded to the panel with M-
Bond 200 cyanoacrylate adhesive. Reference-free phase scan method was implemented by 
first transmitting a 3 count burst with 0 degree initial phase, and then repeating experiment 
for 90, 180, and 270 initial phases. Tight and loose conditions for bolts corresponded to 
approximately 30-35 ft-lbs torque (tight) and 1-5 ft-lbs torque (loose), the latter was 
implemented by finger-tightening the respective bolt. Experimental data was subjected to 5 
points moving average filter to reduce noise. Reference-free processing consisted of 
calculating a Hilbert Transform of the collected signals, extracting amplitude and phase 
information for signals shifted in 180 degrees and considering respective difference between 
amplitude and phases in 180 degrees shifted signals. It is anticipated that a loose joint may 
show higher nonlinearity in the received signal and this effect may be captures in the phase 
signature. Depending on wave propagation conditions, amplitude difference may or may not 
manifest this nonlinearity. Particular details for each setup are presented below. 
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                                    Figure 42 Sensor S2S3 signals for tight and loose bolt D5. 

4.3.4.1. S2-S3 Diagonal Wave Path 
Sensor S2 and S3 are located on the diagonal path for wave transmission. The elastic wave 
was generated with sensor S2 and received with sensor S3. Experiments involved loose and 
tight conditions of bolts D3 and D5. Please note that wave paths for these bolts are 
symmetric with respect to diagonal and hence elastic waves must arrive at the same time. 
However, bolt D3 is closer to transmitting sensor S2 and D5 is close to receiver S3, i.e. 
wave path to D5 is longer. Results of the experiments are illustrated in Figure 42and Figure 
43. In Figure 42, analysis is presented for healthy (tight) and damaged (loose) conditions of 
the bolt D5. As is can be seen in the figure, noticeable amplitude and phase changes occur in 
the 80 µs region after arrival of the initial pulse. It is suggested that this occurs because 
neither bolt D5 nor D3 are on the exact diagonal line between sensors; these sensor are 
located some distance from the diagonal. It is interesting to note that due to symmetry of the 
D3 and D5 location, elastic wave arrive at the same time and changes in the signal important 
for damage detection (between 80 µs to 100 µs ) also occur at approximately the same time 
for both of these bolts. Amplitude difference for π shifted signals is larger in the case of a 
loose bolt D5 rather than in the case of a tight bolt D5. Although this difference is rather 
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small, it may be used to distinguish “tight” and “loose” conditions of the bolt. However, the 
difference between these cases is much more pronounced when phase information is 
considered. Combination of both amplitude and phase may be used for detection of a loose 
bolt. Experimental data for bolt D3, however, shows little, if any, difference for amplitude of 
“loose” and “tight” cases. These is small difference in phase for these conditions, but much 
smaller than for bolt D5. One possible explanation for this discrepancy is that bolt D5 is 
closer to the receiving sensor and a nonlinear acousto-elastic behavior in that region may 
have more pronounced contribution in the receiving sensor signature. In contrast, nonlinear 
contribution of “loose” D3 is dispersed while a wave propagates longer distance to the 
receiving sensor. 

 

 

                                   Figure 43 Sensor S2S3 signals for tight and loose bolt D3. 
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4.3.4.2. S2-S4 Wave Path 
In the next set of tests, effect of bolts D3 and D5 on elastic wave propagation between 
sensors S2 and S4 was investigated. Excitation parameters and test procedures were the 
same as for the test described in the preceding section of the report. The collected signals are 
presented in Figure 44 and Figure 45. Analysis of the figures suggests that the difference for 
“tight” and “loose” scenarios in the reference-free phase scan method is too small to warrant 
reliable detection of loose bolts D3 and D5. We attribute this situation to rather far location 
of these bolts from a direct wave propagation path between S2 and S4. When signals 
corresponding to “loose” and “tight” conditions are compared directly, and difference 
between amplitude and phase features for these conditions is calculated, contribution of both 
bolts are seen around 120 µs. Figure 46 and Figure 47 illustrate this result. Difficulty in 
processing in the range of 80 µs to 100 µs is also seen in the figures as signal amplitude gets 
too low and instantaneous phase and amplitude changes may be misinterpreted as 
contribution due to loose bolt.  

 
                                    Figure 44 Sensor S2S4 signals for tight and loose bolt D5. 

40 60 80 100 120 140 160 180
-0.1

0

0.1

Time, s

A
m

pl
it

ud
e,

 V

S2S4 D5 Test1

 

 

40 60 80 100 120 140 160 180
-0.01

0

0.01

Time, s

 
A

, V

S2S4 D5 Test1 Ampl.

 

 

40 60 80 100 120 140 160 180
-10

0

10

Time, s

 
,

 r
ad

S2S4 D5 Test1 Phase

 

 

T 0
T 90
T 180
T 270
L 0
L 90
L 180
L 270

T 0-180
T 90-270
L 0-180
L 90-270



 

Approved for Public Release; Distribution Unlimited. 

47 

 
                          Figure 45 Sensor S2S4 signals for tight and loose bolt D3. 
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                     Figure 46 Sensor S2S4 signals for tight and loose bolt D5 – direct comparison. 

 
                    Figure 47 Sensor S2S4 signals for tight and loose bolt D3 – direct comparison. 
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4.3.4.3. S3-S4 Wave Path 
Wave propagation path between sensors S3 and S4 provides almost direct transmission of 
the elastic wave. Bolt D5 is slightly off this direct transmission path and its effect should be 
reflected at the beginning of the collected signal. The transmitted wave is a 3 count burst of 
350 kHz, which was applied to study “loose” and “tight” condition of bolt D5. Reference-
free phase scan method was considered, in which the burst was transmitted with 0, π/2, π, 
and 3π/2 initial phases. To illustrate contribution of bolt D5, Figure 48 and Figure 49 present 
experimental results obtain in two experiments for initial 0 phase signal transmitted through 
“loose” and “tight” bolt D5. As it could be seen in the figures, contribution of bolt D5 is 
noticeable in the region of 40 µs to 60 µs, and later at 80 µs. These results were obtained in 
several tests, which indicate consistency of D5 manifestation.  

 
              Figure 48 Sensor S3S4 signals for tight and loose bolt D5 – direct comparison Test1. 
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                Figure 49 Sensor S3S4 signals for tight and loose bolt D5 – direct comparison Test2. 

Reference-free damage detection was implemented by rotating initial phase of the 
transmitted signal as described above. Signals for each initial phase were recorded, Hilbert 
transform calculated and relevant amplitude and phase information extracted. Results for the 
reference-free phase scan method are presented in Figure 50 - Figure 52 for 2 tests with bolt 
D5 and one test with bolt D3. As it can be seen in the figures, there is practically no 
difference between “tight” and “loose” conditions of D5 for the amplitude feature. However, 
the phase feature shows some difference at 40 µs and very pronounced difference at 80 µs. 
Hence, if a loose bolt is located rather close to direct wave propagation path between 
sensors, it may be detected with reference-free phase scan method. Results for “loose” and 
“tight” condition of bolt D3, located much further away from direct wave propagation path 
between sensors, show indistinguishable differences in both amplitude and phase features. 
Therefore, a loose bolt located relatively far away from the direct path may not be identified 
using reference-free phase scan method. This result was expected because any reference-free 
method would show reduced sensitivity to damage when evaluated against results provided 
by direct comparison between “tight” and “loose” conditions, i.e. subtraction of “loose” data 
feature from “tight” data feature. Nevertheless, it is suggested that the reference-free method 
may be applicable to shorter distances and may require calibration to determine a threshold 
in the phase feature to distinguish between “tight” and “loose” conditions of the structural 
bolt. 
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                            Figure 50 Sensor S3S4 signals for tight and loose bolt D5 – Test3. 

 
                            Figure 51 Sensor S3S4 signals for tight and loose bolt D5 – Test 2. 
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                          Figure 52 Sensor S3S4 signals for tight and loose bolt D3 – Test 1. 

4.3.5 Standard Deviation Statistics of Reference-Free acousto-elastic satellite panel 
Tests  

In sections above, we discussed a reference free acousto-elastic method for detection of 
loose bolts in a satellite panel depicted in Figure 41. Three different transmitter/receiver 
pairs were used in the experiment: S3S4, S3S2 and S2S4. The excitation signal was Ritec’s 
3-count, 300 kHz pulse with amplitude of 110 volts. Recorded data was averaged 150 times 
to eliminate noise in the signal. Data was collected for four different pulses with different 
initial phases (e.g. 0, π/2, π, 3π/2). In order to further reduce the noise, experimental data 
was subjected to 5 points moving average filter. The experiment consisted of propagating 
the acoustic wave and recording the received signal first for all bolts being tightened to 35-
40 in-lbs. The bolt labeled D3 was then loosened to a finger-tight, 1-5 in-lbs, and data was 
collected for this “loose” condition. Following this test the bolt was fully tightened again 
and data was collected again. The same bolt, D3, was loosened again, and once again data 
was taken. This process continued until ten data sets had been collected for each the “tight” 
and “loose” conditions. Once the tests ran for D3 were completed the experiment was run 
again for D5 being loose. 
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(a) (b)  

Figure 53  (a) Signals and average signal for S3S4 D5 loose; (b) zoomed in portion of the signal. 

In the process of analyzing waveform’s statistics, an interesting phenomenon was 
uncovered. It was noticed that the “loose” waveforms seemed to have more deviation 
between each other. A plot of all the 0 initial phase waveforms, along with their average, for 
the “tight” condition of S3S4 for the D5 test is shown in Figure 53a. On the first glance, the 
signals seem to be identical but when a portion of the graph is zoomed in on, as in in Figure 
53b, the deviations in the data are clearly observed. To classify this variation the standard 
deviation was calculated for the collection of data sets representing “tight” condition of 
bolted joints. Similar procedure was then repeated for the “loose” condition. 

Once standard deviations were calculated for the two conditions the plot of mean signals 
with associated standard deviations depicted in Figure 54 was created. By examining a 
zoomed portion of the graph, displayed in Figure 55, it is noticeable that most deviation 
occurs at the peaks of the signals. Another more interesting and useful observation is that the 
“loose” standard deviation is greater than that of the “tight” condition. This suggests that the 
loose bolt allows for more fluctuations and interface changes affecting wave propagation 
through the joint. A new method of loose bolt detection was then proposed based on this 
phenomenon. 

To emphasize this observation, we plotted the magnitude of standard deviations against 
time. This is done in Figure 56 for the same D5 case for S3S4. The standard deviation 
corresponding to the “loose” case is clearly greater a majority of the time. The maximum 
“loose” deviation, ߪ௟௢௢௦௘ ൌ 0.0022, is greater than the “tight” deviation, ߪ௧௜௚௛௧ ൌ 0.0016. 
The average deviation of the “loose” case was calculated to be 0.0004382. This value is 
13.81% higher than the ܽ݃ݒ	ߪ௧௜௚௛௧ ൌ 0.0004382.   

The trend of the “loose” case having a greater standard deviation than the “tight” case 
remains true for all the tests. The standard deviation results for the remaining tests are 
shown graphically in Figure 57-Figure 61. These results support the proposed technique of 
using standard deviations of a series of collected data to determine whether or not a bolt is 
loose.  
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Figure 54  Average signals with standard deviation for S3S4 D5 “loose” and “tight” conditions 

 

Figure 55  Zoomed in portion of average signals with standard deviation for S3S4 D5 “loose” and 
“tight” 
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Figure 56  Standard deviations for S3S4 D5 test. 

 
Figure 57  Standard deviations for S3S4 D3 test. 

40 60 80 100 120 140 160 180

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

x 10
-3

Time, s

st
d

S3S4 D5 standard deviations

 

 

D5 T Mean std
D5 L Mean std

40 60 80 100 120 140 160 180
0

0.5

1

1.5

2

2.5
x 10

-3

Time, s

st
d

S3S4 D3 standard deviations

 

 

D3 T Mean std
D3 L Mean std



 

Approved for Public Release; Distribution Unlimited. 

56 

 
Figure 58  Standard deviations for S2S3 D5 test. 

 
Figure 59  Standard deviations for S2S3 D3 test. 
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Figure 60  Standard deviations for S2S4 D5 test. 

 
Figure 61  Standard deviations for S2S4 D3 test. 
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The average and maximum standard deviations from each conducted test are displayed in 
Table 4 and Table 5 respectively. In addition, the tables show the percent increase from the 
“tight” to “loose” condition.  

 

Table 4  Average standard deviations for "loose" and "tight" conditions for each sensor path and bolt 
location. 

 

 

 

Table 5  Maximum standard deviations for "loose" and "tight" conditions for each sensor path and 
bolt location. 
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4.4 Experimental Validation of the Acousto-Elastic Method on PNP Satellite 

4.4.1 Description of NMT Experiments on the PNP Satellite  

4.4.1.1. Layout of Experimental Sample 
The sample in the experiments is a flight-like PNP satellite panel, which contains actual 
components necessary for satellite operation. The testing was conducted on an isogrid panel 
containing three components illustrated on Figure 62 below. The components were bolted to 
the surface of the panel.  The isogrid panel was connected to another isogrid panel through 
two bolted joints each featuring three bolts.   

Piezoelectric wafers (PZT) with UNF electrodes were bonded to the isogrid panels using 3M 
2216 epoxy. Originally, nine sensors were attached to the panel.  However, during high-
power acousto-elastic testing, two sensors showed significant signs of damage, and were 
therefore not used in the tests described herein.  To compensate for the damaged sensors, six 
additional sensors were attached to the plate.  The sensors were placed on top of small 
pieces of Kapton tape, and were bonded to the tape with cyanoacrylate adhesive. This 
installation was anticipated to reduce the likelihood of electric leakage into the plate and to 
reduce the likelihood of sensor breakage. Additionally several sensors were staked to the 
plate, and are indicated in the figure. 

 
                               Figure 62 Layout of experimental sample in PNP satellite tests. 
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4.4.1.2. Description of experiments. 

4.4.1.2.1. Initial Phase and Amplitude Scans 

The initial tests were intended to investigate performance of phase and amplitude scan 
techniques in evaluating the torque on the bolts in three bolts joint. Five different torque 
settings were used: tight (24 in-lbs of torque), completely loosened (but not removed), 8 in-
lbs, 16 in-lbs, and 24 in-lbs (or re-tightened). To achieve consistent levels of torque, the 
bolts were loosened completely before adjusting to the new torque value.  In other words, 
when going from 16 in-lbs to 24 in-lbs, the bolt was loosened completely and then tightened 
to 24 in-lbs. The transmitter-receiver pair for this set of tests was 4T as the transmitter and 1 
as the receiver. The received signals were not subjected to filtering and smoothing. Instead, 
a received signal was averaged 100 times to yield a relatively clean waveform recorded for 
further processing. 

The phase scanning consisted of utilizing a transmitted signal with different initial phases: 0 
degrees, 90 degrees, 180 degrees, and 270 degrees. In the amplitude scan, five amplitude 
settings were used: -22, -12, -4.33, 0.67, and 5.33 (Auto-Fine).  Received and transmitted 
signals were recorded for each torque value.  The frequency used was 290 kHz. However, 
several signals with the excitation frequency 300 kHz were recorded due to an issue with the 
Explorer_2.vi unintentionally reconfiguring the RITEC system. In subsequent tests, the 
RITEC settings were loaded into the RITEC control software after the Explorer_2.vi was 
started and running to ensure proper software setting. 

In experiments, a receiver gain was set to 38 dB with the exception of the loose bolt case, 
where the gain was increased to 50 dB because of drastically reduced signal amplitude.  For 
the phase scan measurements, a signal amplitude setting of -20 (Auto-Fine) was used. All 
signals in the amplitude scan were signals with 0 degrees initial phase. The record length for 
each recorded signal was 0.00015s, at 100 Ms/sec. 

4.4.1.2.2. Shaker Phase and Amplitude Scans 

This test was conducted with the satellite mounted on a large shaker. Two damage scenarios 
were explored. In the first test, a single bolt (the lowest bolt) in the top 3-bolts bolted joint 
was loosened completely. In the second test, a B4 bolt on the component (marked on the 
diagram in Figure 62) was loosened.  Between each case, the entire satellite was shaken 
using the shaker for about 3-5 minutes. 

In the on-shaker tests, two sensor pairs (4T to 1 and 4T to 7) were used to transmit and 
receive elastic waves. For the 4T to 1 sensor pair, the same signal settings were used as in 
the previous tests for initial phase and amplitude scans.  For the 4T to 7 set, the frequency 
was changed to 320 kHz, and 50 averages were taken instead of 100.  The rest of the signal 
settings were similar to previous tests. Experimental configurations and respective sensor 
pairs are summarized in Table 6. It should be noted that the sample was left overnight 
between the final two test conditions. 
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Table 6 Experimental sample condition and utilized sensors. 

Sample Condition  4T‐1 Used  4T ‐ 7 Used 

Undamaged (Before First Shake)  Yes  No 

Undamaged (After First Shake)  Yes  Yes 

Loose Joint Bolt  Yes  No 

Joint Bolt Repaired  Yes  Yes 

Loose Component Bolt  No  Yes 

Component Bolt Repaired  No  Yes 

 

4.4.2 Results of the PNP Satellite Pre-Shaker Tests 

Experimental results discussed in this section were obtained from the PNP satellite in a 
laboratory environment and NOT mounted on a shaker. 

4.4.2.1. Acousto-Elastic Measurements with Baseline (Known 
Undamaged Condition) 

The acousto-elastic response of a bolted joint connecting two panels of the PNP satellite is 
presented in Figure 63 and Figure 64. In the experiments three bolts in the joints were 
subjected to different torque levels and elastic wave signals were recorded for each 
condition of the joint. Figure 63 indicates a substantial difference between “undamaged” and 
“all bolts loose” cases. The difference is manifested in signal amplitude reduction and phase 
shift. Minor differences were observed for “undamaged” and “24 in-lbs” (same torque level 
as “undamaged”) experimental scenarios. Additional details on the performance of the 
acousto-elastic method could be inferred from Figure 64 showing consistent phase shift for 
torque levels of 8, 16, and 24 in-lbs. Hence, not only “tight” and “loose” conditions can be 
inferred using the acousto-elastic method applied to PNP satellite, but also evaluation of the 
actual torque level on bolts in the joint is possible. The experimental data confirms utility of 
the acousto-elastic method for assessment of structural integrity of the PNP satellite. 

 
Figure 63 Elastic wave signals collected for different conditions of the bolted joint on the PNP satellite. 
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Figure 64 Elastic wave signals collected for the PNP satellite bolted joint subjected to different torque 

levels. 

4.4.2.2. Baseline-Free Acousto-Elastic Phase Scan Method 
The previously described baseline-free acousto-elastic phase scan method was utilized to 
assess integrity of the bolted joint connecting two panels of the PNP satellite. Signal 
processing for the phase scan method was similar to the thin aluminum panels test discussed 
above. It consisted of summing out-of-phase signals and calculating spectrum of the 
difference. Both, difference signals and their spectrums are given in Figure 65 to Figure 68 
for different levels of torque in the joint. Figure 65 shows results for “tight” conditions only. 
Very small changes in temporal and spectral signatures corresponding to “tight” conditions 
were observed. Figure 66 and Figure 67 show minor differences in spectral amplitude and 
content, but these differences are not significant enough to warrant reliable detection. 
Finally, Figure 68 indicates notable spectral differences between signals corresponding to 
“tight” and “all bolts loose” conditions. However, the main difference is in dominant 
frequencies of the signal rather than in amplitude of a particular spectral component. 

 
Figure 65 Signal differences and their spectrum for out-of-phase records: 24 in-lbs torque condition. 
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Figure 66 Signal differences and their spectrum for out-of-phase records: 8 in-lbs torque condition. 

“Tight” data corresponds to torque level of 24 in-lbs. 

 
Figure 67 Signal differences and their spectrum for out-of-phase records: 16 in-lbs torque condition. 

“Tight” data corresponds to torque level of 24 in-lbs. 

 
Figure 68 Signal differences and their spectrum for out-of-phase records: all bolts loose torque 

condition. “Tight” data corresponds to torque level of 24 in-lbs. 
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4.4.3 Results of the PNP Satellite ON-Shaker Tests 

4.4.3.1. Acousto-Elastic Measurements with Baseline (Known 
Undamaged Condition). 

This section describes application of the acousto-elastic method for assessing condition of 
PNP satellite bolted joints before and after the shaker test. The “damaged” condition in the 
experiment was simulated by loosening the lowest bolt in a 3-bolts joint connecting panels 
of the PNP satellite. Figure 69 shows signal records collected from the sensor pair TS4-S1. 
The zoomed-in portion of the figure indicates notable similarities for signals corresponding 
to “tight” condition. Amplitude and phase of the signal representing the “loose bolt” case 
deviates substantially from the “tight” condition and allow for detection of the loosened bolt.   

 
Figure 69 TS4-S1 elastic wave signals corresponding to different conditions of the PNP satellite bolted 

joint subjected to different torque levels. 

In a next series of tests, an effect of loosening a bolt connecting one of the externally 
attached components was investigated. Sensor TS4 was used as a transmitter and sensor S7 
as a receiver of elastic waves. Figure 70 illustrates data records corresponding to “damaged 
components” and three “undamaged” scenarios. It is interesting to note that initial waveform 
at 55 microseconds does not show signal phase differences associated with the damaged 
condition. However, discrepancies between signals become pronounce later at 
approximately 70 microseconds. It is believed that signal differences were observer later in 
time because the loosened bolt was not directly of the wave propagation path between 
sensors.  Although the “damaged” case is clearly distinguishable from “undamaged” cases, 
the difference is rather small, which may be related to specific of component mounting on 
the satellite and the panel’s structure. It is recommended that deviation of phase in 
“undamaged” cases needs to be taken into account while analyzing acousto-elastic response 
and establishing damage detection criteria.  
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Figure 70 TS4-S7 elastic wave signals corresponding to different conditions of the PNP satellite bolted 

joint subjected to different torque levels. 

4.4.3.2. Baseline-Free Acousto-Elastic Phase Scan Method for ON-Shaker 
Tests 

The baseline-free acousto-elastic phase scan method was applied to assess structural 
integrity of PNP satellite panels positioned on a shaker. Two damage scenarios were 
explored: (a) loosening of lower of 3 bolts in the joint (B3) connecting the panel (sensors 
TS4-S1 were used in this case) and (b) loosening bolt B4 on the component attached to the 
satellite panel (sensors TS4-S7 were used in this case). Experimental conditions were similar 
to those described in the preceding section: (1) one damaged case and pre-shake, post-shake, 
and repaired undamaged cases for test with sensors TS4-S1 (2) one damaged case and three 
undamaged cases for test with sensors TS4-S7. Signal processing consisted of calculating 
the difference of out-of-phase signal pairs (0-180 degrees and 90-270 degrees) and inferring 
the power spectrum of these differences. Experimental results for sensors TS4-S1 are 
presented in Figure 71 through Figure 73 and for sensors TS4-S7 in Figure 74 through 
Figure 76. The data presented for sensors TS4-S1 indicates some potential for inferring the 
damaged condition, but it may not be used reliably in its current form. Undamaged 
conditions show similarities in the calculated responses. For the sensor pair TS4-S7, 
however, the phase-scan method fails to distinguish damaged and undamaged conditions, 
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which is of no surprise as even the acousto-elastic method with the baseline show small 
phase changes for these cases. 

 
Figure 71 TS4-S1 signal differences and their spectrum for out-of-phase records. “Loose” is finger-tight 

torque condition. “Tight” data corresponds to pre-shaking condition at 24 in-lbs. 

 
Figure 72 TS4-S1 signal differences and their spectrum for out-of-phase records. “Loose” is post-

shaking condition at 24 in-lbs torque. “Tight” data corresponds to pre-shaking condition at 24 
in-lbs. 

 
Figure 73 TS4-S1 signal differences and their spectrum for out-of-phase records. “Loose” is repaired 

bolt tightened to 24 in-lbs torque. “Tight” data corresponds to pre-shaking condition at 24 in-
lbs. 
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Figure 74 TS4-S7 signal differences and their spectrum for out-of-phase records. “Loose” is a finger-

tight bolt in “damaged component”. “Tight” data corresponds to pre-shaking condition at 24 
in-lbs. 

 
Figure 75 TS4-S7 signal differences and their spectrum for out-of-phase records. “Loose” is a repaired 

component condition. “Tight” data corresponds to pre-shaking condition at 24 in-lbs. 

  
Figure 76 TS4-S7 signal differences and their spectrum for out-of-phase records. “Loose” is a repaired 

bolt condition. “Tight” data corresponds to pre-shaking condition at 24 in-lbs. 
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4.4.4 Electro-mechanical impedance thickness resonance measurements on the PNP 
Satellite panels 

Previous studies indicated utility of the electro-mechanical impedance (EMI) method for 
assessment of structural integrity of satellite panels. Typically, EMI explores structural 
dynamic signature in the 50 kHz to 500 kHz frequency range. It is in this range that PWAS 
also have axial resonances may contribute into the structural dynamic signature if sensor is 
de-bonded. In this section, we explore a variation of the EMI technique that considers 
thickness rather than axial resonances of PWAS. It is possible that the coupled structure-
sensor dynamics at high frequencies (MHz) could have sensitivity to structural damage. In 
this case, the same PWAS could offer two orthogonal damage signatures in kHz and MHz 
frequencies. To verify our assumption to investigate performance of the thickness resonance 
EMI method, we conducted a test with the sensor S1 (see Figure 62 for details).  

 

(a) (b)  

Figure 77 Electro-mechanical impedance signatures for three experimental conditions of the bolted joint 
on PNP satellite panels: (a) raw impedance data, (b) normalized impedances.  

(a) (b)  

Figure 78 Electro-mechanical admittance signatures for three experimental conditions of the bolted joint 
on PNP satellite panels: (a) normalized admittance data, (b) zoom into the resonance region.  
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Impedance of the sensor was measured with HP4194A impedance analyzer in the frequency 
range of 7.5 MHz to 10 MHz for three conditions of the 3-bolts joint: (a) undamaged joint 
(24 in-lbs torque), (b) all bolts in the joints were subjected to 8 in-lbs torque, and (c) all bolts 
were in loose condition (finger tight). 

Experimental results for all three cases are presented in Figure 77 and Figure 78. Figure 77 
shows raw impedance data collected for three experimental scenarios. As it could be seen 
from the figure, impedance amplitude are different for each structural condition, but no 
correlation of impedance amplitude and stress level in the joint was observed. Shifting of 
maximum and minim frequencies in impedance signatures is not apparent and the data was 
normalized to obtain clear representation of resonance features. The normalized data is 
presented in Figure 77b for impedance and Figure 78a for admittance. Further zooming in 
the admittance maximum yields Figure 78b, which shows details of the resonance behavior 
for three experimental conditions. Rather noticeable change of resonance frequency was 
observed for the undamaged case (all bolts at 24 in-lbs). However, very little, if any, 
difference exist between all bolts loose and all bolts at 8 in-lbs cases. This observation 
implies that the thickness resonance mode of the EMI method may be sensitive to extreme 
conditions only. It should be noted that EMI thickness resonance measurement has shown 
rather low sensitivity to damage and, although distinguishing extreme cases, may not be 
recommended as a stand-alone technique but only in combination with more sensitive SHM 
methods. 
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4.5 Acousto-Elastic Measurement for New Mexico Tech Payload on Sub-orbital Space 
Flight 

On May 20, 2011 New Mexico Tech was given an opportunity to launch a scientific payload 
on a sub-orbital spaceflight. Piezoelectric sensors were monitored during the flight and 
acousto-elastic response of the joint was measured using a wave propagation technique in 
pre-launch and post launch conditions in the laboratory setting. 

The suborbital flight utilized Space Loft XL Vehicle provided by UP Aerospace 
(http://www.upaerospace.com). The flight was a commercial flight, which also carried 
educational activities sponsored by NMSGC (http://www.nmspacegrant.com).  

                     
                                   Figure 79 SpaceLoft vehicle and its suborbital trajectory. 

A SpaceLoft vehicle and its typical trajectory are presented in Figure 79. Total duration of 
the flight is close to 13 minutes, which gives a payload several minutes in space 
environment. An overview of New Mexico Tech payload is presented in Figure 80. Detailed 
description of the payload assembly and electronic packaging is available in [53].  
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                                       Figure 80 Schematics of New Mexico Tech payload. 

For the purpose of this investigation, only information on a bolted joint is important. The 
bolted joint test fixture consisted of four aluminum beams. Two 4 3/8” by 1” beams were 
bolted with #8 bolts to create a lap bolted joint. In addition, two narrower dog-bone-like 
beams were placed under bolted joint beams. These beams were utilized in the sensor 
adhesive experiments. Figure 81 provides an illustration of the beams in the payload. 
Noticeable in Figure 80, both types of bolts were mounted on a payload with long bolts that 
went though beams and 1 inch aluminum separation blocks. Such a setting supposed to 
provide a fixed-fixed boundary condition for all beams. However, during electrical testing of 
a payload, a short was found propagating through blocks and they were insulated with 
rubber lining. Long bolts at boundaries were tightened to more than 20 in-lb, which was 
considered to be a “tight” condition for bolts of such a type. 

 
                       Figure 81 Lap bolted joint beams and beams carrying an adhesive test. 

Piezoelectric sensors (APC 851, 7 mm diameter with feedback electrode) were mounted 
using Hysol epoxy in close proximity of the bolted joint. Figure 82 shows a photo of the 
payload and respected labels for sensors and bolts. Beam 1 is considered to be a beam with 
an “intact” joint in which both bolts in the center of the beam were tight to 20 in-lbs. In the 
Beam 2 with “damaged” bolted joint, an outside bolt was set to 20 in-lbs and the inside bolt 
(in red color, labeled with “Loose bolt”) was set to 5 in-lbs. This setting was selected 
because 5 in-lbs would provide reasonably tight, not actually loose, bolted joint, but with 
noticeable torque reduction in comparison with other bolts. A real “loose” or “finger-tight” 
bolt conditions were not acceptable to prevent disintegration of the joint during suborbital 
flight.  
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                                         Figure 82 Photo of New Mexico Tech payload. 

An acousto-elastic experiment on the payload was conducted in two sequences: after 
payload final assembly before delivery to vehicle integration facility – labeled as Pre-launch 
test and after receiving the landed payload, the latest among any other test performed in 
Post-launch condition. Similar equipment, Ritec system, with identical testing was utilized 
in both sequences.  

A three count 300 kHz pulses were supplied to designated piezoelectric transducers: 
transmitters – S2 and S4, receivers S1 and S3. The transmitted pulses were very stable and 
practically identical in pre and post flight tests, as illustrated in Figure 83. 

 
                  Figure 83 Transmitted signals in pre and post flight acousto-elastic experiments.  
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During the post-flight test, a hairline crack was noticed 
on sensor S4 as can be seen in Figure 84. At the time of 
post-flight tests it was unclear whether this crack was a 
surface scratch on PZT electrode or it actually fractured 
the PZT material.  

Details of experimental procedures for all tests are 
given below: 

Beam 1 (intact joint) 

Pre-launch test: All bolts were tightened to 20 in-lbs. 

Post-launch test: All bolts were tightened to 20 in-lbs. 

No modification to joints or torque on bolts were made 
for Beam 1 in both pre and post launch tests, so the joint was tested in “as received” 
condition. 

 

Beam 2 (joint with one loose “red” bolt) 

Pre-launch test: All bolts (bolt 3 and bolt 4) were tightened to 20 in-lbs and acousto-elastic 
data were taken. Results of this test are labeled as t pre. Then the outer bolt 4 was to 0 in-lbs 
and data were taken, labeled as loose pre. The bolt was then tightened (loosened and 
tightened) to subsequently 10 in-lbs, 15 in-lbs, and 20 in-lbs and data were taken at each 
torque. On the figures below, these data are labeled as t10 pre, t15 pre, and t20 pre. The last 
one signifies “tight” condition. Bolt 3 stayed at 20 in-lbs during all of these tests.  

Post-launch test: The acousto-elastic data were taken in “as received” condition, labeled as 
 t post. Bolt 4 was loosened to 0 in-lb to imitate “loose condition”. The data were taken and 
Bolt 4 was tightened (upon loosing each time) to 10 in-lbs, 15 in-lbs, and 20 in-lbs. The data 
for each condition in this sequence was taken and was labeled as t10 pre, t15 pre, and t20 
pre. 

Before analyzing the suborbital launch pre and post flight data, it is important to understand 
modifications in the acousto-elastic response caused by a loose bolt surrounded by tightened 
bolts. As indicated in our prior work on the subject [52], loosening of a bolt causes a phase 
shift of the elastic wave indicative of lower wave speed.  The shift is proportional to torque 
supplied to bolts. Results of the acousto-elastic tests are presented in the following figures. 

Figure 85 shows results for intact Beam 1. Although no changes were anticipated for this 
beam, the acousto-elastic response indicates first right shift, then phase stabilization, left 
shift and then again a profound left shift. Also noticeable in the figure, amplitude of the 
post-flight wave is lower than in the pre-flight case. Initial left shift of the post-flight record 
indicates that bolts in the “intact” joint may show lower torque than in the pre-flight 
condition. Clearly, even for the intact beam, there is significant deviation of the acousto-
elastic response. 

 

 
Figure 84 Hairline crack in sensor S4. 
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 (a)  

(b)  

Figure 85 (a) Elastic waveforms obtained for pre and post flight conditions of intact Beam 1. (b) zoom-
in into the beginning portion of the signal. 

 

The pre-launch data shown in Figure 86 indicate several interesting facts. Largest right shift 
is observed for the case of “loose” bolt. Further re-tightening does not fit exactly with 
previous “tight” data, but it shows a clear trend into more shift towards right for the lower 
torque conditions. Apparently, there could be changes in the joint for initial tight and re-
tightened conditions. The post flight signal depicted in Figure 87 with pre flight signals 
shows distinct difference, but it behavior resembles more “loose” condition rather than intact 
case. However, a perfect match was not anticipated because in pre-launch tests, Bolt 3 was 
tightened to 20 in-lbs while in post flight condition it supposedly was at 5 in-lbs. 

 

 

 

0 50 100 150

-0.1

-0.05

0

0.05

0.1

Time s

A
m

pl
it

ud
e,

 V

Beam 1 Signals

 

 

t0 pre
t0 post

5 10 15 20

-0.05

0

0.05

Time s

A
m

pl
it

ud
e,

 V

Beam 1 Signals

 

 

t0 pre
t0 post



 

Approved for Public Release; Distribution Unlimited. 

75 

 (a)  

(b)  

Figure 86 Elastic waveforms obtained for pre flight conditions of Beam 2. (a) zoom-in into the beginning 
portion of the signal, (b) more detailed zoom into beginning portion of the signal. 

 
Figure 87 Elastic waveforms obtained for pre flight and one post flight conditions of Beam 2. 
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 (a)  

(b)  

Figure 88 Elastic waveforms obtained for post flight conditions of Beam 2. (a) zoom-in into the 
beginning portion of the signal, (b) more detailed zoom into beginning portion of the signal. 

 

Figure 88 illustrates elastic signals in the post flight condition. The post flight signal is close 
to “tight” condition of the bolt, as was anticipated because before launch, Bolt 4 was 
tightened to 20 in-lbs. Loosening of Bolt 4 (Bolt 3 stays at original torque of 5 in-lbs) 
substantially modifies the signal as waveform noticeably shifts towards right. Subsequent 
tightening to specified torques, produces a left shift of the waveform as anticipated from 
previous tests. Analysis indicates that the spaceflight clearly changes state of torque in a 
bolted joint. To quantify the change, a real-time acousto-elastic system for monitoring 
bolted joint condition during flight is needed. Some quantification is currently underway via 
analysis of typical data deviation and its application to suborbital flight cases.  
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4.6 Material/structural Characterization for Model Updating 

Modern space applications often require high fidelity structural dynamic models for 
efficient and reliable operation. Consequently, accurate models need information on 
structural parameters such as stiffness, mass, and damping coefficients that depend on 
fundamental material properties. Traditional models updating procedures utilize the 
experimentally-measured structural dynamic response to correct analytical or numerical 
model of the structural element. Over past decades, this subject attracted substantial 
attention and a broad spectrum of model-updating methodologies has been developed 
focusing on mechanical, civil, aerospace and other applications [54]. Although it is not 
possible to mention all methods for model updating, the general approach consist of 
adjusting material constants in the model by iteratively minimizing the discrepancy between 
theoretically calculated and experimentally measured structural dynamic responses. Since it 
is anticipated that experimental vibration data for any particular satellite may not be 
available for pre-launch and on-orbit conditions, the satellite model updating procedure 
departs from a traditional approach and needs to consider independent means of determining 
structural material parameters, which may be achieved by utilizing the SHM system as 
illustrate in Figure 89. The basic idea is to update low frequency finite element vibration 
model using material characterization data obtained in high frequency (ultrasonic) 
measurements. 

 
        Figure 89 Concept of the low frequency model updating using data from high frequency tests. 

(a) (b)  

Figure 90 (a) Aluminum 2024 (1ftx1ft) plate specimen instrumented with PWAS, (b) experimental setup 
for sound speed measurements.  
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      Figure 91 Schematics of Al 2024, 1.6 mm thick plate with surface-bonded piezoelectric sensors.  

The proposed method for determining structural material parameters such as 
Young’s modulus (E), the shear modulus (G) and the Poisson ratio is based on the guided 
wave propagation enabled by embedded ultrasonic sensors. In contrast to classical ultrasonic 
evaluation that needs two independent measurements to determine these material 
parameters, the guided (Lamb) wave propagation requires only one standardized 
configuration such as a typical sensor network layout. Advantageously, this allows the SHM 
system to perform two tasks: damage detection and material characterization. The general 
idea of characterizing structural material using the guided waves is to experimentally 
determine the dispersion curves for symmetric and anti-symmetric modes and to obtain the 
best fit with theoretical values by adjusting the shear wave velocity, CS, and the Poisson 
ratio, ν [55]. With CS and ν known, the Young’s and shear modules can be determined and 
used for the model updating. 

 2
SG C   , 2 (1 )E G     (15) 

 

 
                                Figure 92 Dispersion curves for Al 2024, 1.6 mm thick plate. 
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As a first step in realizing this approach, we conducted a set of experiments on a 1ft × 1 
ft × 0.063 in aluminum 2024 panel instrumented with surface-bonded piezoelectric sensors 
as illustrated in Figure 90. As it can be seen in the Figure 91, a separation distance between 
sensors was rather short and equaled 10 cm. Sensor S1 was used as a transmitter of 5 count 
elastic wave pulses. The pulses were received by sensors S2 and S3; the latter one being 
positioned on the other side of a plate directly underneath S2. Illustration of experimental 
group velocity dispersion curves within 0.2-0.6 MHz frequency range is presented in Figure 
92. Theoretical curves calculated for aluminum 2024 nominal values of E=72 GPa, ν=0.33, 
and ρ=2770 kg/m3 are also presented in the figure. Good match of experimental and 
theoretical data has been achieved, which may be further improved through automation and 
refinement of the fitting procedure. 

Boundary conditions have a profound effect on structural dynamics. Hence, it is 
important to monitor changes in structural boundary conditions, which may occur during 
storage and assembly of satellite’s components, transport to the launch facility, and on-orbit 
operation. Three sets of tests were conducted to investigate the capability of the embedded 
piezoelectric system to monitor the state of the structural boundary conditions. In each set, 
the aluminum plate depicted in Figure 91 was measured in free-free condition, clamped 
(with vices) near sensors S2 (clamp 1), clamped near sensor S1 (clamp 2), and clamped with 
both clamp 1 and clamp 2. The sets differed in methodologies used to monitor boundary 
conditions: 

1) Pitch-catch method utilizing two sensors (one as a transmitter and one as a receiver), 
2) Pulse-echo method realized with one sensor, 
3) Electro-mechanical impedance method with one sensor. 
Ultrasonic signals obtained for four boundary conditions of the plate are presented in 

Figure 93 and Figure 94. The first pulse in the record is a directly transmitted S0 pulse, 
which is followed by the A0 pulse overlapping with S0 reflection. The end of this reflection 
and waveforms occurring after 80 μs (in Figure 93) are anticipated to reflect changes in 
boundary conditions. Figure 93 shows no effect of boundary conditions on the initial portion 
of the record (no reflections from boundary yet) and noticeable changes when the pulse 
reflects off boundary with clamps. These changes, however, are more significant at higher 
frequencies, as suggested in Figure 94. It is interesting to note that application of clamp 1 
and both clamps gives the largest deviation from the free-free boundary condition. It seems 
that clamp 1 plays a key role in this process as it is closest to the receiving sensor S2. 

One inconvenience of utilizing the pitch-catch method for assessing boundary conditions 
is the need to analyze the signal record based on geometry of the sample and to identify the 
affected pulses. The pulse-echo technique was considered to mitigate this problem as it 
allows one to configure the system for boundary assessment based on the first or second 
pulse in the record. Figure 95 presents a pulse-echo 200 kHz signal recorded for four states 
of the plate’s boundary. Changes of both amplitude and phase for clamp 1 and both clamps 
are in opposite direction to clamp 2. Clamp 2 induces a larger change in amplitude, but 
clamp 1 and both clamps cause larger phase shifts. A pulse-echo signal at 500 kHz shows a 
slightly different dependence with clamp 2 causing some changes that increased when clamp 
1 and both clamps were used. 
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Figure 93 Pitch-catch 200 kHz ultrasonic signals obtained for four boundary conditions of the plate: free-

free (S1-S2), clamp 1 (S1-S2c1), clamp 2 (S1-S2c2), both clamps (S1-S2bc). 

 
Figure 94 Pitch-catch 500 kHz ultrasonic signals obtained for four boundary conditions of the plate: free-

free (S1-S2), clamp 1 (S1-S2c1), clamp 2 (S1-S2c2), both clamps (S1-S2bc). 

 
Figure 95 Pulse-echo 200 kHz ultrasonic signals obtained for four boundary conditions of the plate: free-

free (S1-S2), clamp 1 (S1-S2c1), clamp 2 (S1-S2c2), both clamps (S1-S2bc). 

 
Figure 96 Pulse-echo 500 kHz ultrasonic signals obtained for four boundary conditions of the plate: free-

free (S1-S2), clamp 1 (S1-S2c1), clamp 2 (S1-S2c2), both clamps (S1-S2bc). 
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 (a)  

(b) (c)  

Figure 97 Impedance signatures of sensors S1 (a), S2 (b), S3 (c) corresponding to four boundary 
conditions of the plate: free-free, clamp 1 (S2), clamp 2 (S1), both clamps (S1S2). 

In addition to embedded ultrasonic techniques utilizing a pulse signal, the electro-
mechanical impedance method and CW structural excitation were explored for assessment 
of structural boundary conditions. The electro-mechanical impedance method allows for 
direct extraction of the structural dynamic response at ultrasonic frequencies. In effect, the 
impedance signature of the piezoelectric sensor bonded to structural surface reflects 
structural dynamic features. Figure 97 shows position and magnitude of impedance peaks 
for four different boundary conditions of the plate. The impedance signature of sensor S1 
located rather far away from the clamps is presented in Figure 97a. Clamp 2 (at S1) 
introduced mostly right-hand frequency shifts indicating stiffening of the plate. This trend is 
continued with application of clamp 1 and both clamps. However, for sensors S2 and S3 
located closer to clamps than S1, right-hand frequency shifts were observed for boundary 
conditions exerted by clamp 1 and both clamps, but a decreased frequency shift was noticed 
when clamp 2 was applied. Interestingly, such an opposite shift for similar boundary 
conditions was observed in Figure 95 for the pulse-echo data. Impedance data presented in 
Figure 97 suggests that the electro-mechanical impedance method can be used to discern 
changes in boundary conditions of a structural element. In principle, material properties may 
be inferred from impedance tests on a structure with known boundary conditions and rather 
simple geometry as correlation is sough between the analytical or numerical model and 
experimental impedance data. However, such correlation is typically considered at rather 
low frequencies at which sensor sensitivity to boundary condition is not pronounced. 
Because the major concern of spacecraft structures is integrity of interfaces, studies at low 
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frequencies were not conducted and priority was given to studies at rather high (100s of 
kHz) frequencies considered to be more sensitive to changes in boundary constraints and, 
hence, interface conditions. 
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4.7 Piezoelectric Sensors for SHM of Space Structures 

4.7.1 Sensor Protection and Shielding 

One of the issues raised after acquiring SHM data during suborbital flight is sensor 
survivability and shielding. On the first issue, it is know that even unprotected piezo-ceramic 
wafer sensors (PWAS) may survive and perform adequately for rather long time under 
typical environmental conditions [56]. Integrity of adhesive interface, continuity of wires 
and thermal cycling are primary concerns when sensor survivability is considered. Much 
less attention is given to PWAS shielding. In fact, no studies on PWAS shielding are 
available to our knowledge. Because shielding is a concern in spacecraft operation, it was 
decided to briefly investigate aspects of shielding applied to PWAS and suggest potential 
shielding design.  

Absence of PWAS shielding affects (a) electromagnetic interference (EMI) and (b) level of 
signal noise. Example of EMI in pitch-catch and pulse-echo SHM setups can be found 
throughout this report. To address both issues, PWAS shielding designs are suggested. 

(a) (b)  

Figure 98 Typical design of (a) high frequency ultrasonic sensor (www.murata.com), (b) PWAS. 

Typical design of high frequency ultrasonic transducer is shown in Figure 98a. In the figure, 
it is noticeable that piezoelectric element is enclosed into a metal case for shielding. 
However, PWAS configuration is not well suited for applying a shielding case. This is 
primarily because bottom ground electrode can not extend into sensor thickness except 
limited “flip over” area as illustrated in in Figure 98b. Two potential shielding designs are 
presented in Figure 99. 

(a) (b)  

Figure 99 Shielding designs for PWAS (a) with metallic foil around the sensor (b) with additional to (a) 
metallic wear plate. 
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Main concern in presented designs is isolation of signal electrode from the ground and 
connection of the ground electrode to the shield. More robust and “integrative” design 
would involve wear plates as a part of the shield, but this option would affect the efficiency 
of elastic wave generation as there will be two adhesive layers and a metal foil between the 
sensor ground electrode and host structure. In addition to actual shield, PWAS design should 
involve proper cable and connector. Our primary selection is 0.81mm OD coaxial cable and 
a micro-dot connector. 

There is an alternative to the design presented above. Integration of installation and 
shielding processes is suggested. Instead of using a metal foil shield, the sensor is installed 
using standard methodology, a layer of isolating epoxy is applied atop and around the 
sensor, a small portion of isolating epoxy covering ground solder joint is carefully removed 
to expose ground connector and metallic epoxy is applied over isolating epoxy to form 
electromagnetic shield. Figure 100 illustrates this approach.  

 

Figure 100 Shielding using integrative approach in which a metallic epoxy is applied over isolating 
epoxy. 

From sensor fabrication and installation point of view, the third approach is preferable, 
although shielding efficiency of metallic epoxy may be questionable. 

4.7.2 Consideration of Sensor Statistics and its Use in SHM 

Structural Health Monitoring can be a useful tool for inferring information about structural 
integrity.  However, a large number of factors can influence an SHM systems ability to 
accurately determine the integrity of the structure. Traditionally the evaluation of an SHM 
system involves considering a specific technology with a fixed sensor type and damage 
detection methodology.  These evaluations then study the influence of contributing factors 
within the scope of the specific SHM system.  The statistical information collected for these 
situations reflect a cumulative contribution of all SHM factors, such as sensors, electronics, 
bonds, structure, environment, etc. The SHM system will need to be reevaluated if any 
factor is changed.   

It is proposed that it would be beneficial to depart from this philosophy and consider the 
contributions of individual SHM components on the cumulative statistics used in evaluating 
the systems performance. Research efforts presented below were aimed at investigating 
variability in SHM sensors and possible contribution to the cumulative statistics. 

4.7.3 PWAS Impedance Statistics 

Piezoelectric sensors are well understood and are often characterized by their electro-
mechanical (E/M) impedance which is defined as the frequency dependent ratio of voltage 
to current.  Therefore, in order to calculate the effects of variability in the PWAS on the 
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performance of the sensor, it is necessary to calculate the effects of sensor variability on 
measured E/M impedance. 
In order to decouple the effect of bond layer and medium on the PWAS statistics, impedance 
measurements were performed on PWAS in a free-free boundary condition.  A sample size 
of 30 was selected to adequately represent PWAS population. The selected circular PWAS 
have a 7 mm diameter and 0.25 mm thickness.  The batch of PWAS was manufactured from 
APC851 piezoelectric material with a wraparound electrode, as illustrated in           Figure 
101.  The wrap around electrode is beneficial for many embedded sensor applications; 
however, it increases the complexity of electro-mechanical transformation within the sensor 
and respective analytical and numerical descriptions. 

 
  

          Figure 101 a) Circular PWAS diagram with wrap around electrode.   b) Test samples for free-free test fixture. 
          c) Test samples with soldered leads.  

Two sets of impedance and admittance measurements were taken.  First, the 30 samples 
were tested using a fixture to simulate a free-free boundary condition on the PWAS without 
soldered leads, see Figure 102a.  The sensors were oriented similarly for all 30 samples.  
The second measurement set was taken after leads were soldered to the electrodes.  For this 
measurement, the PWAS were suspended by their leads so the sensors were not in contact 
with any surface.  The wrap around lead was connected to ground for all 30 samples.  

Three E/M impedance measurement ranges were chosen to characterize PWAS.  The first 
range chosen was from 200 – 1000 kHz with a resolution of 500 Hz.  The second range was 
from 250 – 400 kHz with a 100 Hz resolution.  The third measurement range was 8 – 11 
MHz with a 4 kHz resolution.  The third measurement range captures the fundamental 
resonance of the thickness mode, while the other two ranges capture an in-plane resonance.  
Both sets of measurements were taken using an HP4192A impedance analyzer with an LCR 
005 test fixture, see Figure 102b. 

(a)    (b)  

                     Figure 102 a) Free-free test fixture b) HP4192A with LCR 005 Test Fixture. 

After collecting test data for free-free PWAS conditions depicted in Figure 102a, lead were 
soldered for all participating sensors and impedance data were taken again. Impedance tests 

(c)(a) (b)
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yielded collections of data for all 30 PWAS specimens with the test fixture and with 
soldered leads. Examples of the data obtained in both tests are depicted in Figure 103.  

(a)  

(b) (c)  

Figure 103 Test data from PWAS #4 comparing the impedance magnitude measurements using the 
free-free fixture to the measured with soldered leads.  a) shows 200 – 1000 kHz range, b) 
shows 250 – 400 kHz range, and c) shows 8 – 11 MHz range. 

(a)  

(b)  

Figure 104 (a) Resonance frequencies of piezoelectric disk actuators/sensors determined as zero 
crossings of admittance phase, (b) resonance frequency statistics and superimposed normal 
distribution.  
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The data was processed to determine the frequencies of the primary resonance and anti-
resonance. The in-plane resonance is determined from the peak of the admittance magnitude 
curve, while the in-plane anti-resonance is determined from the peak of the impedance 
magnitude curve.  For thickness resonances the impedance peak indicates a resonance while 
an admittance peak indicates an anti-resonance (Giurgiutiu, 2008).  Figure 103 shows the 
three measurement ranges for PWAS sample 4. However, since damping is present in the 
measurements, the zero-crossing frequency for the admittance phase is taken as a measure of 
the undamped resonance frequency. Example of the phase data is presented in Figure 104. 

Likewise, the zero-crossing frequency for the impedance phase is taken as a measure of the 
undamped anti-resonance frequency. The zero-crossing frequency was calculated by 
performing a linear interpolation between points lying above and below the zero crossing.  A 
sample mean was calculated using the sample mean formula: 

 n

xxxx

n

x
x n





321  (16) 

Similarly the formula for calculating a samples variance was used: 

 1

)( 2





n

xx
s  (17) 

(a)  

(b)  

Figure 105 Electro-mechanical impedance response of (a) free PWAS measured in fixture and b) free 
PWAS with soldered leads. Mean response is indicated as solid line. 
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Table 7 shows the sample 
mean and standard 
deviations for the in-plane 
resonance and anti-
resonance.  It should be 
noted that the standard 
deviation for the resonance 
and anti-resonance is higher 
for the soldered case. It is 
understandable that the 
soldering process creates 
more variability in the 
impedance and admittance 
response of the sensors as illustrated in Figure 105. It is also important to note that the anti-
resonance frequency decreases 8.7 kHz for the soldered case while the resonance frequency 
increases 0.9 kHz for the soldered case.   

A histogram was used to represent the distribution of the resonances.  A theoretical Gaussian 
distribution was calculated using the sample mean and standard deviation. The theoretical 
distributions were scaled and plotted on top of the histograms as seen in Figure 106.  The 
histograms appear to be in reasonable agreement with the Gaussian distribution for the in-
plane resonance and anti-resonance.  Plots of sample residuals were generated to assess any 
bias errors that may be present in the data.  No unusual trends were observed and the 
residuals appear normally distributed. 

 

  

                Figure 106 Histograms for in-plane resonance and anti-resonance frequencies. 
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Table 7  Sample mean and standard deviations for in-plane 
resonances 

Sample Case 
Sample Mean 

(kHz) 

Sample 
Standard  
Deviation 

(kHz) 
 In Plane Resonance (Fixture) 311.4 1.58 

 In Plane Resonance (Soldered) 312.3 1.65 
 In Plane Anti-resonance 

(Fixture) 346.5 1.61 

 In Plane Anti-resonance 
(Soldered) 337.8 1.82 

(b)

(c) 

(a) 

(d)
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A similar analysis was 
performed on the 
fundamental thickness 
resonance and anti-
resonance mode that was 
measured using the 8 – 11 
MHz measurement range.  
The sample mean and 
standard deviation for the 
thickness anti-resonance 
was largely unaffected by 
the soldering process.  
There was only a slight 
decrease in frequency due to soldering. The resonance mean increased by a small margin.  
The standard deviation of the resonance actually decreased due to the soldering process. The 
change in mean and standard deviation may likely be the result of a strain on the PWAS 
resulting from the use of the free-free test fixture. 

Histogram plots were also generated to compare the distribution of thickness resonance and 
anti-resonance samples. As could be seen in Figure 107, unlike the in-plane resonances, the 
thickness resonances do not appear to follow a Gaussian distribution. 

 

  

  

Figure 107 Histograms for thickness resonance and anti-resonance frequencies. The distributions don’t 
appear Gaussian. 
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Table 8  Sample mean and standard deviations for thickness 
resonances 

Sample Case 
Sample Mean 

(MHz) 

Sample 
Standard  
Deviation 

(kHz) 
 Thickness Resonance (Fixture) 9.56 214 

 Thickness  Resonance (Soldered) 9.68 204 
 Thickness  Anti-resonance 

(Fixture) 9.22 232 

 Thickness  Anti-resonance 
(Soldered) 9.12 231 

(b)

(c) 

(a) 

(d)
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In addition to calculating statistical parameters for the resonance and anti-resonance 
frequencies, statistical parameters were also calculated for the amplitudes of the resonance 
and anti-resonance peaks.  Table 9 and Table 10 show the calculated statistics for the in-
plane and thickness resonance and anti-resonance peaks.  The amplitude of those peaks 
clearly decreases except for the thickness anti-resonance which increases.  In all cases the 
standard deviation increases as a percentage of mean for the soldered samples. 

 

Table 9  Sample mean and standard deviations for in-plane 
resonance amplitudes 

Sample Case Sample Mean 
Sample 

Standard  
Deviation 

 In Plane Resonance (Fixture) 61.9 mS 5.5 mS 

 In Plane Resonance (Soldered) 36.7 mS 5.0 mS 
 In Plane Anti-resonance 

(Fixture) 5602 Ω 530 Ω 

 In Plane Anti-resonance 
(Soldered) 1403 Ω 339 Ω 

 

Table 10  Sample mean and standard deviations for thickness 
resonance amplitudes 

Sample Case Sample Mean 
Sample 

Standard  
Deviation 

 In Plane Resonance (Fixture) 331.6 Ω 30.0 Ω 

 In Plane Resonance (Soldered) 94.0 Ω 9.8 Ω 
 In Plane Anti-resonance 

(Fixture) 72.4 mS 7.4 mS 

 In Plane Anti-resonance 
(Soldered) 198 mS 33.3 mS 

4.7.4 PWAS Analytical Model 

Presented analytical model is focused on PWAS electro-mechanical impedance as these 
curves govern frequency-dependent behavior of an active element.  

The piezoelectric sensors utilized in this analysis were made from APC 851 piezoelectric 
ceramic. Sensors features a feedback electrode flipped over thickness of the sensors to 
facilitate access from one (top) side of the sensor. While sensors with feedback electrode 
were measured during laboratory tests, our modeling considers a circular sensor with 
uniform electrodes on the opposite sides of the sensor. An electro-mechanical model of such 
sensor can be considered for free-free sensor boundary conditions and vertical polarization 
direction. Solution of the equation of motion for a given set of boundary conditions yields 
expression. 
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 ,  (18) 

where  

,           

,   ,          

substitution of typical values for APC piezoceramic result the graph below 

 

 

          Figure 108 Real part of the electro-mechanical impedance of thin disk piezoelectric sensor.  

Displacement is governed by  
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For voltage input of 10 V, the graph below illustrates frequency-dependent output of the 
piezoelectric disk. 
 
Theoretical values were compared with experimental data presented above. In general, 
theoretical curve matches well with experimental data. Deviations come from material 
parameter variability and influence of feedback (flipped over) electrode.  
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                                 Figure 109 Displacement of piezoelectric disk actuator. 

4.7.5 Voltage Output Analysis of PWAS Connected to RITEC System 

It should be remembered that transmission of an elastic wave depends on both actuator and 
signal generator/amplifier characteristics. In the ideal case, both of them are linear. 
However, high power signal generators, such as RITEC, may exhibit nonlinearities that need 
to be accounted for while building statistical models. For this reason, we turn our attention 
to signal generator output as one of constitutive elements of the modeling scheme. 

Piezoelectric sensors can be damaged when they are excited with high voltage. This means 
that it is important to make sure the pulse signal being sent to the sensors is at a level which 
will not harm the sensor or compomise its integrity. In order to make sure this does not 
occur, it became crucial to investigate the voltage output of the RITEC at different output 
level settings in the RITEC control panel. The software which controls the RITEC allows 
one to change the output level of the signal, however, it does not allow you to specify the 
exact voltage necessary. Instead, the user inputs a number ranging from -25 To 100 which 
corresponds a voltage which is actual produced by the RITEC. To determine the voltage 
levels being emmited at the specified levels the following test was performed. 

The RITEC outputs were connected to an Tektonix TDS2024B, four channel, digital storage 
oscilloscope as shown in Figure 110. This allowed us to monitor the trigger signal, the gate 
signal, the RF burst monitor as well as the RF burst. The first step was to configure the 
oscilloscope so it would trigger off the trigger signal from the RITEC. RITEC generates a 
pulse by creating a contiuous waveform at the specific frequency and level which is desired. 
The user is able to specify the burst length in one of two ways: by the pulse length in time or 
by the number of cycles in the pulse. Based on the information specified by the user the 
RITEC generates a pregate signal which controls the burst. When the pregate signal is high 
the continuous wave is allowed through, which creates a burst and when it goes low again 
the wave is not allowed through. Channel 3 on the oscilloscope clearly showed the pregate 
signal which coincided exactly with the monitored burst, which confirmed that this function 
was operated as expected. 
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The RF Burst No 1 monitor was connected to 
Ch1 on the oscilloscope. The RITEC monitor 
has an internal attenuator which is set to -60 
dB. This means that the amplitude of 
recorded signal should be 1000 times less 
than the actual RF burst. The RF Burst signal 
was connected to Ch 2 through a 50 ohm 
load and an attenuator set to -40 dB, meaning 
that the recorded signal is 100 times less than 
the actual output. The attenuator was 
included to make sure the oscilloscope was 
not damaged by the voltage levels being 
monitored from the RITEC. By comparing 
the Ch 1 and 2 it was verified that the 
attenuator was working correctly. The 
voltage was determined by measuring from 
the middle of the waveform to the top of the 
peak.  

After it was verified that the pulse triggering and displaying was working properly and the 
oscilloscope was correctly setup, the voltage test was performed. This was done by taking 
voltage measurements of  a 5-pulse, 350 kHz harmonic RF pulse from output levels ranging 
from -25 to 100 in the RITEC control software.Table 11 shows the actual data from the 
experiment and this is visualized in Figure 111. The values reported are the voltages 
adjusted to correspond for the voltage before the signal goes through the -40 dB attenuator. 

Table 11 Voltages corresponding RITEC output levels 

RITEC Output Level Volts RITEC Output Level Volts RITEC Output Level Volts 

-25 10.5 10 85 45 290 

-20 15 15 110 50 330 

-15 21 20 130 60 400 

-10 29 25 160 70 480 

-5 40 30 187 80 560 

0 50 35 220 90 630 

5 64 40 255 100 770 

 

From Figure 111 it can be seen that the relationship between the RITEC output and the 
actual voltage is not a linear one. A polynomial trend line seems to fit the graph best and is 
very close to polynomial of using a power of 2. However, it should be noted that the graph is 
fairly linear for the RITEC output values between 20 and 90. It was decided that the highest 
excitation level which is used to excite the piezoelectric actuators should not be greater than 

 
Figure 110 RITEC output characteristic test setup 
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200 volts. From the table and graph we can see the voltage crosses this threshold between 
output levels of 30 and 35. The results indicate that the highest output level one should use 
for piezoelectric excitation with RITEC is around 30. 

 

 
Figure 111 RITEC software level versus actual output voltage. 

 

5 CONCLUSIONS 

A comprehensive review was conducted on prior SHM efforts in space systems. Practical 
experimental systems mostly feature fiber optic and acoustic emission sensors. A few 
studies were available on use of embeddable piezoelectric sensors, but no systematic SHM 
efforts for space structures were considered. This situation likely occurred due to difficulties 
in determining actual tasks of SHM system in space vehicles. It is advocated that monitoring 
of structural interfaces should be a focus of spacecraft SHM and such monitoring would 
have a clear economic benefit during spaceship pre-launch diagnosis and qualification. Main 
elements of an SHM system for space craft were suggested and potential impact of space 
weather factors were considered 

Instantaneous amplitude and phase signal processing approaches were explored for 
extraction of signal instantaneous features sensitive to the condition of structural interfaces. 
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deviation of instantaneous frequency over time as a possible damage detection and 
classification feature.  

To investigate the effect of applied stress on wave propagation in metallic material, 
laboratory tests were conducted in which embeddable piezoelectric sensors were attached to 
a thin plate subjected to monotonically increased stress. Under applied stress, the elastic 
wave signal has shown noticeable phase shift proportional to stress magnitude. Both 
symmetric and anti-symmetric waves have shown this phase shift, but analysis of the latter 
one was difficult due to low amplitude and noise contamination. It also needs to be 
mentioned that a phase shift depended on mutual orientation of vectors of applied force and 
direction of wave propagation. Pronounced phase changes were observed for cases when the 
elastic wave propagated in the direction (parallel) to the applied load. Vanishingly small 
changes were observed for wave paths oriented perpendicularly to applied load.  

A numerical model describing acousto-elastic effect in thin plates was attempted, but not 
finalized yet due to issues with the dedicated PC station. Elastic wave propagation in thin 
plates was modeled and current results show good agreement between experimental, 
analytical and numerical data. 

Acousto-elastic experiments in structures of simple geometry were conducted and 
demonstrated the capability of the method to detect the location of a loose bolt and establish 
correlation between the levels of torque (i.e. stress) in the joint and the phase shift of 
propagated elastic waves. The best detection was achieved for cases when a baseline (a 
record of elastic wave corresponding to healthy “tight”  condition of the joint) was available. 
However, a new baseline-free method based on rotation of phases in the transmitted elastic 
wave was developed and verified in experimental studies. Sensitivity of the baseline-free 
method was lower than the method involving the baseline.  

Structures of complex geometry were represented with a realistic aluminum satellite panel. 
The panel featured an isogrid design and 49 bolts connecting two parts of the panel. 
Similarly to the tests conducted for simple structures, the acousto-elastic method in complex 
structures has shown an ability to detect and locate a loose bolt. It was demonstrated that the 
efficiency of detection depends on wave propagation distance and active sensor excitation 
levels. Best results were obtained for cases when a baseline representing intact condition of 
the joint was available. The baseline-free method, based on rotation of initial phases in the 
transmitted wave, has shown utility in detecting loose bolts located on direct wave 
propagation path between transmitting and receiving sensors. The availability of the baseline 
removes this limitation. Another interesting fact uncovered during experimental studies was 
larger standard deviation of signals corresponding to “loose” condition of the joint. 
Therefore, a new methodology for baseline-free statistics-based detection was proposed in 
which several nominally identical signals were transmitted, response of the joint was 
measured, and the associated standard deviation for the obtained set of data was calculated. 
Based on the level of standard deviation, one may infer the condition of the joint.  

The acousto-elastic method was validated in a set of experiments conducted on the PnP 
satellite. A method involving recording a baseline of the intact condition has shown very 
good performance while the baseline-free method was successful in many, but not all cases.  
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New Mexico Tech developed and launched a payload on a suborbital flight in May 2011. A 
bolted joint experiment was part of the payload, but because of limited flight hardware, 
wave propagation acousto-elastic studies were conducted only in pre-flight and post-flight 
conditions. To the author’s knowledge, this is the first known case of acousto-elastic 
monitoring of a flown payload. Analysis indicated that the spaceflight clearly changed the 
torque state in a bolted joint. However, quantification of the change was not possible using 
pre and post flight data.  To infer details of joint behavior, a real-time acousto-elastic system 
for monitoring bolted joint conditions during flight is needed. 

The possibility to update space structure models using material parameters inferred from 
high frequency wave propagation tests was considered. Experiments have demonstrated the 
feasibility of determining elastic modulus and Poisson ratio from wave propagation tests. 
The effect of stress changes in boundary conditions was investigated using pitch-catch, 
pulse-echo and electro-mechanical impedance methods. All methods have shown utility in 
detecting changes in boundary condition, but pulse-echo was also instrumental in locating 
the site of stress variations. 

Applicability of piezoelectric sensors to SHM of space structures was given special 
attention. It was confirmed that Hysol® adhesive performed well as a bonding agent for 
sensors during suborbital flight. Sensor shielding options were investigated and two 
shielding designs were suggested. Statistical studies on a relatively large sensor sample set 
were conducted and demonstrated: statistical distribution for natural frequency of low 
frequency extensional mode was found to follow the normal distribution pattern, however 
natural frequencies of the high frequency thickness mode did not follow the normal 
distribution pattern. Noticeable differences were observed for impedance signatures of 
sensor with and without leads attached. The impedance model has shown reasonable 
correlation with experimental data.  
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